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Abstract 
A Multiresonance Thickness-Shear Mode (MTSM) Sensor for Monitoring the Formation 
of Biological Thin Films 
Sun Jong Kwoun 
Ryszard M. Lec. Supervisor, Ph.D. 
 
    In this work, the development and characterization of a Multiresonance Thickness-
Shear Mode (MTSM) sensor operating from approximately 10 MHz to 70 MHz is 
described which measures the changes in the relative resonant frequency and attenuation 
as signatures of the sensor.  The penetration depth of the acoustic shear waves varies 
from tens to hundreds of nanometers, depending on the harmonic, so the sensor 
interrogates the surfaces loaded with biological interfaces at the nano-scale level.  The 
theoretical analysis of MTSM has been developed to model and simulate the signature of 
the sensor responses at harmonics frequencies.  The signature of the entire evaporation-
induced deposition processes of biological samples, such as collagen and albumin, 
including the initial liquid like stage up to the final rigid thin film stage were investigated 
as case studies and the experimental data were compared with the theoretical simulations.  
Since the response of the MTSM depends on the interfacial processes, such as mass 
accumulation (density) or changes in mechanical and geometrical properties (elastic 
stiffness, viscosity, and thickness) the effect of mechanical and geometrical properties are 
   
xiii 
studied and analyzed using theoretical and experimental data.  The MTSM responses 
showed qualitatively different signatures for collagen and albumin thin films. In 
conclusion, a MTSM sensor has exhibited many attractive measurement features for 
studying the kinetics of biological thin film formation processes in real time with high 
sensitivity and high temporal resolution and a MTSM sensor is capable to provide unique 
information from different depths in our experimental study. 
   
 
1
1 INTRODUCTION 
 
The study of interfacial processes involving biological interactions, such as the 
binding of enzymes, proteins, or DNA on specific binding sites and the sedimentation, 
attachment, or proliferation of cells on a substrate, has been growing rapidly in the last 
decade.  Interfacial processes are strongly influenced by the dynamics of the mechanical 
properties of the chemical or biochemical interface that binds to the sensor surface [1-6].  
Currently, most of the existing technology for the monitoring of biological interfaces are 
used in a variation of ways; first, to see if two or more interactants bind to each other, 
second, how strong the interactions are, and, third, to measure the actual association and 
dissociation rates [7-9].   
In this work, acoustic wave devices made of piezoelectric materials have been 
fabricated and utilized to study the biological interfacial processes.  As a main topic of 
this thesis the multi-harmonic operation of a thickness-shear mode (TSM) sensor has 
been studied to analyze the signature of the interfacial process involving biological 
viscoelastic (VE) inhomogeneous anisotropic media.  Multi-harmonic operation enables 
a “virtual slicing technique” because the different harmonic relates to a different 
penetration depth within the sample.  The successful interpretation of acoustic 
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signatures obtained over a wide range of multi-harmonic frequencies may provide 
essential information, such as fundamental physics or mechanical properties of interfacial 
processes.   
For the experiments with biological samples, collagen and albumin were chosen. 
Collagens are a family of highly characteristic fibrous proteins found in all multicellular 
animals [10-13].  Albumins are the main protein in human blood and the key to the 
regulation of blood’s osmotic pressure [11, 12, 14, 15].  Generally, collagen samples are 
prepared in a liquid like phase and end up with a thin rigid (crystallized) film.  
Albumins are also prepared in a liquid like phase and end up with a thin amorphous (less 
rigid than collagen) film.  Therefore, it is important to know the signatures and kinetics 
of the deposition process of biological samples as a function of time. 
 
1.1 Biological interfaces 
 
The study of biological interfaces has grown in importance because these interfaces 
play a significant role in the development of biosensors, where they provide a selective 
interface for the detection of various biochemical analytes [16-18].  Interactions of DNA 
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and RNA, biocompatibility of surfaces, formation of biofilms, etc. have been the main 
topic of the research in the biosensor field [19-21].   
The basic concept of biosensors can be explained by its two major design elements; a 
sensing element and a transducer (see Figure 1).  The sensing element is a biologically 
or chemically active medium (usually a thin film), which is exposed to a target 
measurand.  As a result, interfacial reactions take place by manifesting the changes of 
the bio-physical state of the sensing element.  The transducer is a solid-state device, 
which transduces physical changes of the chemical sensing element into measurable 
electric signal, such as voltage, current, frequency or phase [22]. 
 
Sensing Process
Sensing Path 
 
Figure 1.  A conceptual model for a biosensor [23]. 
Measurand 
(Analyze, substrate) 
- Chemical 
- Biological 
Sensing Element 
(i.e. chemical or biological,  
active medium) 
Transducer 
(Acoustic, Optic, etc.) 
physical, 
changes 
Sensor 
Output Signal 
- frequency 
- impedance 
- voltage 
- current 
Input/Output 
Metal electrode 
configuration 
Macro- 
changes Transduction 
Process 
Solid state 
Element 
Micro- 
changes 
   
 
4
The research of biological interfaces is of great, practical importance to the 
pharmaceutical and biomedical industries.  In pharmaceutical industry, it is possible to 
determine how and where in the body the medicine is absorbed by modifying the surface 
of a medicine.  In the biomedical field, surface interaction also plays an important role 
in implantation operations.  The implant must have a surface that is accepted by the 
body, otherwise it will be rejected.  In addition, surface characteristics are involved in 
the emergence of infections [24].  Figure 2 shows the biological interface of 
piezoelectric anthrax biosensor as an example.  This interface has non-uniform multi-
functional multilayer structures and each layer has different bio-physical characteristics.  
 
 
 
Figure 2.  Piezoelectric Anthrax Biosensor with a biological interface multi-layer [25] 
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1.2 Thin-film deposition techniques 
 
Thin-film deposition is a technique that deposits a thin film of material onto a 
substrate or onto previously deposited layers.  Most deposition techniques allow layer 
thickness to be controlled within a few tens of nanometers, and some even allow one 
layer of atoms to be deposited at a time.  There are many thin-film deposition techniques, 
such as Langmuir-Blodgett, Spinning, Sol-gel, RF & DC Sputtering Deposition System, 
Electron Beam, Pulsed laser deposition, Electron beam evaporator, etc. Langmuir-
Blodgett technique deposits one or more monolayers of an organic material from the 
surface of a liquid onto a solid by immersing the solid substrate into (or from) the liquid 
(see image (a) in Figure 3) [26].  Sol-gel technique technology involves the transition of 
a system from a liquid "sol" (mostly colloidal) into a solid "gel" phase [27].  Applying 
the sol-gel process, it is possible to fabricate ceramic or glass materials in a variety of 
forms: thin film coatings or monolithic ceramics (see image (b) in Figure 3).  Sputtering 
deposition is a physical process whereby atoms in a solid target material are ejected into 
the gas phase due to bombardment of the material by energetic ions (see image (c) in 
Figure 3) [28].  However, a common method of thin film deposition used in biochemical 
industry is an evaporation-induced deposition process [29, 30].  
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Based on the fact that the faster rate of thin film deposition process than the 
sputtering method, evaporation-induced deposition process is a common method of thin 
film deposition used in industry. 
 
  
       (a)        (b) 
 
(c) 
Figure 3.  Thin film deposition processes: (a) Langmuir-Blodgett, (b) Sol-gel, and (c) 
Sputtering deposition techniques [26-28]. 
 
   
 
7
1.3 Measurement techniques for monitoring interfacial processes 
 
There are basically two methods that monitor the biological interfaces: optical 
method and other method.  Optical method includes surface plasmon resonance (SPR) 
[8] or total internal reflection fluorescence (TIRF) [9], and other method includes 
piezoelectric devices [22] or atomic force microscopy (AFM) [31].   
Surface Plasmon Resonance (SPR) is a technique to measure biomolecular 
interactions in real-time in a label free environment.  While one of the interactants is 
immobilized to the sensor surface, the other are free in solution and passed over the 
surface [32].  A total internal reflection fluorescence microscope (TIRFM) is a type of 
microscope with which a thin region of a specimen, usually less than 200 nm, can be 
observed [9].  Atomic Force Microscopy (AFM) is a form of scanning probe 
microscopy where a small probe is scanned across the sample to obtain information about 
the sample's surface. The information gathered from the probe's interaction with the 
surface can be as simple as physical topography or as diverse as the material's physical 
properties, magnetic properties, or chemical properties [33]. 
However, currently existing technologies that monitor the behavior of biological 
media at the interface are limited with narrow measurement capabilities.  In particular, 
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direct measurements of interfacial mechanical properties of biological media or the 
characteristics of such processes are difficult to perform or often are unrealizable and still 
there are many ongoing researches in this field [1, 34].  Therefore, there is a need for 
developing a novel measurement technique that could provide broader and more precise 
measurement options with real-time measurement capabilities and a characteristic study 
that correlates the experimental result and theoretical model of the system and a 
piezoelectric TSM sensor has been studied to fulfill the above requirements in this work. 
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2 BACKGROUND 
 
Generally, when piezoelectric sensors transmit acoustic waves into a medium 
undergoing test, the waves interact with the medium, and the measured parameters of the 
acoustic waves are correlated with the medium’s properties.  The input signal excites an 
acoustic mode, then acoustic mode interacts with a medium, and the measured variation 
acoustic mode constitutes the piezoelectric resonator response [35, 36].   
There are two basic types of acoustic wave motions, longitudinal and shear.  
Longitudinal waves propagate with the same direction of the particles vibration, for 
example, a sound wave, that is propagated in the same direction where the particles of the 
medium vibrate.  Shear waves propagate perpendicular to the direction of propagation 
of the particle motion and travel slower than longitudinal waves [22].   Longitudinal 
waves propagate easily over long distances through a liquid.  Shear waves, on the other 
hand, hardly propagate in liquids but rather penetrate a short distance.  Therefore, shear 
waves monitor “local” properties of a liquid in the vicinity of the sensor.  
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2.1 General features of thickness-shear mode (TSM) sensors 
 
When Acoustic Shear Waves (ASW) from a thickness-shear mode (TSM) sensor are 
excited into liquid media, they generally do not propagate through these media.  Rather, 
they only penetrate a relatively short distance [22, 37-39].  This penetration depth, 
which typically varies from several nanometers to tens of microns in viscoelastic media, 
mainly depends on the mechanical properties of the medium and the frequency of the 
acoustic wave [40, 41].   
 
V 
i x 
electrode 
Viscoelastic (VE) 
Thin Film (μ, η, ρ)
Viscoelastically 
entrained VE 
Thin Film
Displacement, 
Ux(z) 
TSM Sensor
 
Figure 4.  Penetration depth of acoustic shear waves on the TSM sensor. 
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These ASW are sensitive to changes occurring at the measurand-sensor interface (see 
Figure 4).  The interfacial changes directly influence the mechanical shear vibration of 
the TSM sensor by affecting its mechanical impedance.  The changes in the mechanical 
impedance of the TSM sensor are usually revealed as changes in the electrical impedance 
because of the intrinsic electromechanical coupling mechanism in piezoelectric materials 
[42, 43]. 
 
2.2 Previous work with TSM sensors 
 
Among many researches in TSM technology, the recent application of the TSM 
technique to the study of shear modulus of thin film [44, 45] and polymer [46] are the 
most relevant to this thesis.  These series of studies demonstrate the feasibility of 
determining the mechanical properties of viscoelastic thin film [47, 48].  Since 
viscoelastic material behaves either liquid-like or solid-like characteristic, by dividing the 
working range of TSM sensor to gravimetric (Sauerbrey region with almost linear 
responses) and non-gravimetric (viscoelastic region with non-linear responses), these 
authors have worked to relate changes in acoustic load impedance to the complex shear 
modulus,  [22].   represents the shear storage modulus (elastic part) "' jGGG += 'G
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whereas  corresponds to the shear loss modulus (viscous part) [49].  Among many 
scientists, Martin and Lucklum are the main researchers who dedicate their effort to 
characterize the viscoelastic medium using a TSM piezoelectric sensor [37, 50] and 
Thompson has been very well known by his study in slip interfacial condition using a 
TSM sensor [51]. 
"G
Though a significant knowledge on the interaction between viscoelastic thin film and 
piezoelectric sensor (e.g., TSM) has been accumulated over the last decades, there have 
been not much systematic and comparative studies focused on the quantitative 
interpretation of measured interfacial phenomena and the signatures of the response of a 
multiresonance Thickness-Shear Mode (MTSM) sensor.  This thesis is targeted to fulfill 
this gap and provide a comprehensive modeling and experimental foundation which will 
lead to the development of sensitive, reliable, inexpensive instrumentation for the 
characterization of a broad range of viscoelastic, especially biological interfacial 
phenomena. 
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3 OBJECTIVES 
 
The main objective of the work is to study the MTSM sensor to analyze the variety of 
interfacial processes.  Both theoretical and experimental analyses of MTSM sensors 
have been examined.  These included; 
 
• Analysis, modeling and simulation of MTSM sensor loaded with viscoelastic (VE) 
mediums  
• Experimental study of MTSM sensor under broad range of operating conditions 
• Determination and correlation of the acoustic signatures of MTSM sensors with bio-
physical characteristics of the medium. 
• Application of the MTSM sensor as for monitoring bio thin film formation process. 
• Applying MTSM technology for monitoring thin film fabrication processes. 
 
The thesis consists of four major sections: Modeling of an evaporation-induced 
deposition process, theoretical analysis that includes modeling of the MTSM sensor with 
VE medium and the simulation of the MTSM sensor, experimental analysis that includes 
experimentation of MTSM measurement system with biological samples, and discussion.  
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First, in the modeling of an evaporation process section, an evaporation-induced 
deposition process is divided and into four stages and described based on the mechanical 
properties of the medium. 
Second, the system with a MTSM sensor and a VE thin layer has been modeled based 
on the constitutive equations of a TSM sensor and an additional VE layer.  Boundary 
conditions between TSM and VE layer and upper and lower interfaces are also 
considered to induce the shear mechanical impedance at the TSM surface.  Then, the 
relative changes in resonant frequency and attenuation of the MTSM measurement 
system are obtained from the above model and saved for comparative studies with later 
experimental results.  Completed derivations of the model are included in Appendix.  
After the establishment of the system model, the individual effect of the three mechanical 
properties (density, viscosity, and stiffness) and the geometrical parameter (thickness) to 
the overall response of MTSM was simulated resulting in 3-dimensional and 2-
dimensional graphs which indicated the effect of each of the parameters.  
Thirdly, as a verification of the model, the evaporation process of a Newtonian liquid 
was simulated with only thickness changes (no changes in viscosity or density) and as an 
application of MTSM technique, the MTSM measurement system has been utilized to 
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study the acoustic signatures of the evaporation-induced deposition process of biological 
samples (collagen and albumin).   
Finally, the discussions of the simulations, and the comparisons between simulation 
and experimental results are included with an analytical approach at the end of the thesis. 
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4 MODELING OF AN EVAPORATION-INDUCED DEPOSITION PROCESS 
 
Evaporation-induced deposition process is the process whereby atoms or molecules 
in a liquid state gain sufficient energy to enter the gaseous state and leaving a thin-film. 
Especially, during the evaporation-induced deposition process of biological samples, 
such as, collagen or albumin, there are two major processes involved: evaporation of a 
solution and deposition of proteins on the surface of the sensor substrate [52, 53].  
Figure 5 shows step-by-step typical four-stage evaporation-induced deposition processes 
of biological thin film on the sensor surface.   
 
Stage I: Initially, collagen monomers or albumin clusters are homogeneously distributed 
in the solution with uniform mechanical characteristics over the whole volume (stage I in 
Figure 5 (a)).  The movements of monomers or clusters are governed by the Brownian 
motion due to the nano range size of the solutes in this first stage [54].  In this thesis, the 
stage I is characterized as a viscous liquid because of the low concentration of the solutes 
(1 mg/ml).  The elastic modulus of the sample in the stage I is assumed to be zero and 
the density is also assumed to be same as water like value (1000 kg/m3) for the simulation 
[55].  The viscosity of the sample is varied between 0.001 kg/ms to 0.01 kg/ms to 
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indicate the water like condition of the sample.  Therefore, the main driven parameter in 
this stage I is the thickness due to the evaporation of the solution while there are slight 
changes in the viscosity and stiffness and almost no changes in the density of the sample. 
 
Stage II: Next, due to the evaporation of the solvent through the top surface, the 
concentration of collagen monomers or albumin clusters increases at the surface region of 
the solution.  After reaching the critical concentration, monomers start to aggregate to 
form larger fibrils or clusters and each cluster also starts to form bigger clusters by an 
agglomerating process at the surface region.  The large fibrils and agglomerated clusters 
no longer obey the Brownian motion due to their size and mass.  Gravity plays a role for 
the sedimentation of solutes on the surface of the sensor substrate (stage II in Figure 5 
(b)) [56].  The stage II is characterized as a soft robber viscoelastic condition.  In this 
stage, both the viscosity and stiffness are increased from the previous stage I.  The range 
of viscosity increased between 0.01 kg/ms and 0.1 kg/ms to describe the higher viscosity 
of the stage II due to the presence of deposited solutes on the surface of the sensor [55, 
57].  However, the range of stiffness also has been maintained same as stage I (between 
0 and 105 N/m2) to present a soft rubbery stage of the sample.  Therefore, the main 
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driven parameter of the stage II is viscosity according to relatively smaller changes in the 
thickness and the stiffness of the sample. 
 
Stage III: When most of the aggregated or agglomerated solutes are deposited, the 
sample forms a gelatin phase film at the bottom of the sensor surface (stage III in Figure 
5 (c)) [58].  The stage of the sample is characterized as a hard rubber condition in this 
thesis.  The viscosity of the sample is increased up to 0.1 kg/ms and the range of the 
stiffness has been increased from 105 to 107 N/m2 to impart the hard rubber condition of 
the sample than the previous stage II.  Therefore, there are two driven parameters 
(viscosity and stiffness) that characterizing the condition of the sample in this stage III 
while there are small changes in the density and thickness. 
 
Stage IV: Finally, after all the solution has evaporated, the collagen fibrils and albumin 
clusters form a thin rigid film on the surface of the sensor (stage IV in Figure 5 (d)) [59].  
This stage is characterized as a solid like thin film.  There is small changes in the 
viscosity from the previous stage III (0.1 kg/ms), but the stiffness has been increased (107 
~ 108 N/m2) to indicate the rigidity of the sample condition.  Therefore, the main 
parameter that characterizes the condition of the sample in this stage IV is stiffness while 
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there are relatively small changes in the viscosity and no changes in the thickness and the 
density. 
 
 
Sensor Sensor Sensor 
Solid Thin Film
Sensor 
Viscoelastic
Medium 
(Hard rubber) 
Viscous 
Liquid 
Solution 
Viscoelastic
Medium 
(soft rubber)
       (a) I              (b) II              (c) III             (d) IV 
Figure 5.  A typical evaporation-induced deposition processes of biological thin film.  
(a) Stage I, (b) stage II, (c) stage III, and (d) stage IV. 
 
These stages are represented by different viscoelastic properties: stage I (viscous), 
stage II (viscoelastic: soft rubber), stage III (viscoelastic: hard rubber), and stage IV 
(rigid).  In the next chapter the MTSM modeling for all those different stage is presented. 
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5 THEORETICAL ANALYSIS OF MTSM 
 
In the previous chapter, the condition of the sample has been divided into four stages: 
(a) Newtonian viscous liquid, (b) soft rubber like viscoelastic, (c) hard rubber like 
viscoelastic, and (d) glassy like solid status.  Therefore, it is difficult to invoke a simple 
Sauerbrey [22] or Kanazawa [40] equations to explain the response of MTSM in each 
condition.  Sauerbrey equation might be suitable to explain and simulate the response of 
MTSM sensors in stage IV in Figure 5 because of the glassy like characteristic (high 
elastic stiffness ~ 108 N/m2) of the sample, and Kanazawa equation might be appropriate 
to elucidate the response of MTSM sensor in stage I in Figure 5 because of the Newtonian 
characteristic (no stiffness or at least smaller than 105 N/m2) of the sample.  However, 
neither equation can not be solely used to describe the stage II or III in Figure 5.  When 
the sample is in viscoelastic (VE) condition, the viscosity and stiffness of the sample play 
simultaneously to characterize the condition of the sample [60]. 
Following list shows typical values of the mechanical properties (viscosity (η) and 
stiffness (μ)) of each stage during the evaporation-induced deposition process of 
biological samples. 
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1) Stage I - η ≠ 0 and μ ≈ 0 
Since the medium is in water like condition, viscosity of the medium is almost 
same as water (η = 0.001 kg/ms) and stiffness can be assumed to be zero. 
Kanazawa equation is suitable in this case [40, 61]. 
2) Stage II - η ≠ 0 and μ ≠ 0 
In this stage, the sample is in soft rubber condition. Viscosity has been slightly 
increased (η ≈ 0.01 ~ 0.1 kg/ms) and stiffness also starts to play role (μ ≈ 105 
N/m2) [31]. 
3) Stage III - η ≠ 0 and μ ≠ 0 
Viscosity and stiffness are increased up to η = 1 kg/ms and μ = 108 ~ 109 N/m2 to 
reveal the hard rubber condition of the sample [57, 62]. 
4) Stage IV - η ≠ 0 and μ ≠ 0 
The sample is in a rigid condition in this stage. Viscosity has been decreased 
slightly (η ≈ 0.5 kg/ms) to represent the hardening process of the sample while 
stiffness stays same at the value of stage III [37, 63]. 
 
In this chapter, the model of a MTSM sensor with a viscoelastic load is presented 
based on the existing TSM Sauerbrey and Kanazawa models.  The MTSM model has 
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been validated by simulating an evaporation process of a Newtonian liquid (water) and 
comparing it with the experimental data.  The library of the signatures of a MTSM with a 
viscoelastic medium has been prepared by studying the effect of changes in mechanical 
and geometrical properties (viscosity, stiffness, density, and thickness) on the MTSM 
sensor response.  Finally, the simulations of a MTSM sensor for an evaporation-induced 
deposition process of biological samples (collagen and albumin) have been presented. 
 
5.1 Modeling of a MTSM sensor with a viscoelastic load 
 
One important feature of the MTSM sensor is its capability of being excited at higher 
harmonics.  As higher harmonics are applied, the information (changes in the resonant 
frequency and attenuation) from the MTSM sensor represents the information (mechanical 
properties) of the different distance from the sensor surface due to the different penetration 
depth of the acoustic wave through the medium.  In other words, the medium can be 
sliced in a multilayered thin film by applying higher harmonic frequencies.  Figure 6 
shows the principles of this concept.  For example, if the medium has different 
mechanical properties through the thickness, then it can be observed by analyzing the 
different responses of the MTSM sensor at each harmonics. 
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Figure 6.  A conceptual model of the MTSM sensor, (a) a sensor operating at the 
fundamental frequency mode, (b) a sensor operating at the fundamental frequency and at 
higher harmonics. 
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A simplified model of the system was developed to study and analyze the shift in 
resonant frequency, Δf, as a function of changes in thickness, density, viscosity and 
elastic stiffness during the deposition process of the sample.  The well known Maxwell 
model (two elements of a spring and a dashpot in series) was invoked to describe and 
model the shear modulus and the deposition process of a biological sample [64].  New 
effective complex elastic stiffness, μeff, which contains an elastic term and a viscosity 
term, was calculated for the viscoelastic characteristics of the sample.  Figure 7 shows 
two layered structure of a MTSM sensor and a viscoelastic sample with boundary 
condition at the interface.  Subscripts f and q represent the viscoelastic medium and 
quartz TSM sensor. 
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Figure 7.  Two layered structure of the MTSM sensor with viscoelastic sample on the 
surface. 
 
First, the constitutive equation of the VE film is, 
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If we assume ffeff jωημμ += , then equation (1) becomes 
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dz
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T fefff ⋅= μ   ………………………………………………………….….(1a) 
 
where Tf, μf, S, ηf, uf, vf, and ω stand for shear stress in film, elastic stiffness, strain, 
viscosity, displacement, shear particle velocity, and angular frequency.  With the 
boundary conditions (at z = 0, z = L, and z = L + h) at the interfaces between VE film and 
MTSM, one can obtain [Details available in the Appendix], 
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Zf, vf, N, and ρf in equation (2) indicate that the mechanical impedance, surface shear 
particle velocity, harmonic number, and the bulk density of the VE film.  Graphs (a) and 
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(b) in Figure 8 shows the lumped model of TSM and MTSM sensor at its near resonant 
frequency.  Ze, K2, ωs, and C0 in equation (3) indicate the electrical motional impedance, 
electromechanical coupling factor for a MTSM, resonant angular frequency, and static 
capacitance of MTSM.  R2 and L2 are the additional resistance components related to the 
damping and the resonant frequency of the VE film-loaded MTSM sensors in Figure 7 
[41].  Therefore, attenuation (α) can be calculated from the typical Martin et. al., 
approach. 
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Also, since multiharmonic operation is applied, the basic elements of the circuit have to 
be modified while C0 is same as others [22]: 
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Where A and hs are area of the electrode and the thickness; ε22, μq, and ηq are dielectric 
permittivity, shear stiffness and effective viscosity of the MTSM sensor, respectively.  
Zt indicates the total electrical impedance of the MTSM.  S21 means the forward 
transmission parameter. The above equation can be rewritten as follows; 
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where, k is the real part and β is the imaginary part of the wave vector and vf is the 
particle velocity in VE film.  Also with the boundary conditions (at z = 0, z = L, and z = 
L + h) at the interfaces between VE film and MTSM, the equation (5) can be obtained. 
The relative change in resonant frequency (Δf/f0N) is the real part of this equation (5), 
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where f0N, Δf, h, and kq are the resonant frequency of MTSM in hertz, shift in the resonant 
frequency, thickness of the film, and the wave vector of the MTSM.  Also Re[ ] refers to 
the real part of a complex number in the equation (5).  
In the case with elastic thin films (when ηf = 0), the equation (5) becomes  
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which is same as Sauerbrey equation. For Newtonian liquid loading (when μf = 0 and h 
→ ∞), the equation (5) now becomes 
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which is same as Kanazawa equation [40]. 
Graphs (c), (d), (e), and (f) are the simulation of the MTSM sensor in each stage.  
Graph (c) indicates the MTSM sensor response of stage I (viscous medium) with the 
parameter of DI water as a function of frequency while the other graphs (d), (e), and (f) 
shows the MTSM sensor response to VE medium (soft rubber), VE medium (hard 
rubber), and thin rigid film, respectively.  As the medium becomes more viscous and 
rigid (from stage I to stage III), the dynamic range of resonant behavior of the MTSM 
sensor decrease due to the VE loading on the surface of the MTSM sensor.  However, at 
the final stage IV, the dynamic range of the MTSM sensor become greater than the 
previous stage because of the dominant contribution of the high elastic modulus of the 
medium. 
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Figure 8.  Equivalent circuit models to describe the near resonant electrical 
characteristics of the MTSM resonator with VE film coatings.  (a) The equivalent circuit 
of TSM sensor with a complex impedance element Ze, and (b) The equivalent circuit of 
MTSM sensor with complex impedance elements. C1, R1, L1, and Ze1 indicate 1st 
harmonic equivalent components while C3, R3, L3, Ze3, and C5, R5, L5, Ze5 indicate 3rd and 
5th harmonic equivalent components respectively.  Graphs (c), (d), (e), and (f) are 
simulation of the equation (4) with the parameters for each stage as a function of 
frequency. 
 
5.2 Definition of parameters characterizing MTSM sensors response 
 
A TSM sensor was first demonstrated as an organic vapor sensors by King in 1964 
[65] and later reviewed by other authors for measurement of airborne and dissolved 
species [66].  TSM sensors are operated by monitoring interfacial mass/density, 
viscosity, or elasticity changes taking place during chemical or biological processes and it 
can be monitored by observing the changes in resonant frequency (Δf = fr – f’r in Figure 
9) and attenuation (Δα = αr - α’r in Figure 9). Figure 9 shows the typical frequency 
response of a TSM sensor to viscoelastic loading on it.  
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The response of MTSM sensor is shown by the changes in the resonant frequency 
(Δf), attenuation (Δα), and phase (Δφ).  Figure 10 and 11 show frequency responses and 
signatures of MTSM sensor to two different stages during the evaporation-induced 
deposition process of biological samples.  Graph (a) in Figure 10 shows the changes in 
the frequency response of MTSM sensor caused by the increase in the viscosity of shear 
modulus of the medium.  The increase of viscosity is represented by the decrease in the 
resonant frequency and increase in the attenuation (see graphs (a) and (c) in Figure 11). 
Graph (b) in Figure 10 shows the changes in the frequency response of MTSM sensor 
caused by the increase in the stiffness of shear modulus of the medium.  Also the 
increase of stiffness affects the resonant frequency to be increased and the attenuation to 
be decreased (see graphs (b) and (d) in Figure 11).  Based on the knowledge that the use 
of the higher harmonic resonant frequencies of the MTSM sensor means that the different 
penetration depth of acoustic shear waves from the surface of the MTSM sensor (see 
Figure 6), the measurand can be virtually sliced and its mechanical properties at 
nanometers range above the surface of the MTSM sensor can be acquired [67]. 
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Figure 9.  A typical frequency responses (S21) of TSM sensor to viscoelastic loading. 
 
Figure 10. A frequency responses (S21) of MTSM sensor to viscoelastic (VE) loading. 
Graph (a) represents the Stage II and (b) represents the stage III and IV in Figure 5. 
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Figure 11. Two different signatures of MTSM sensor to VE medium. (a) and (c) are the 
relative Δf and α signatures of the case (a) in Figure 10, and (b) and (d) are the relative Δf 
and α signatures of the case (b) in Figure 10. (t0 < t1 < t2) 
 
5.3 Validation of theoretical approach: simulation and experiment of a 
MTSM for an evaporation process of a Newtonian liquid 
 
As a first step, an evaporation process of a Newtonian liquid has been analyzed by the 
MTSM sensor technology.  Equation (4) provides the attenuation at the resonant 
frequency of each harmonic and equation (5) shows the relative changes in the resonant 
frequency shift at each harmonic when the MTSM sensor is loaded with a layer of 
Newtonian liquid on one side of the sensor.  A Newtonian liquid does not change its 
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mechanical properties, such as density and viscosity, during the evaporation process. 
There is only a thickness change involved during the evaporation process.  Therefore, 
the viscosity and density of the medium were set to be a constant for the simulation. 
The results of the simulation are showing in graphs of Figure 12, and Table 1 shows the 
information about the variables of the simulations in Figure 12.  The gray arrows in 
graphs are indicating the direction of the evaporation process.   
The depth of penetration of acoustic shear waves in the mediu
 
 
m can be obtained from 
the reciprocal of the imaginary part (β) of wave number equation (4b), 
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where, kf, ρf, μf, ηf, and ω indicate the wave number, density, stiffness, viscosity of the 
medium, and resonant angular frequency.  For the Newtonian liquid case, the above 
equation becomes simpler by setting the stiffness equal to zero (μf = 0) [22].  
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Figure 12.  Simulations of an evaporation pr rent 
viscosity. Gray arrow in each graph indicates the direction of a typical evaporation 
process. (a) and (b) are the relative Δf and α of MTSM with a water (η = 10-3 kg/ms, μ = 0, 
and ρ = 1000 kg/m3) loading, and (c) and (d) are the relative Δf and α of MTSM with a 
liquid that has 10 time higher viscosity than water (η = 10-2 kg/ms, μ = 0, and ρ = 1050 
kg/m3). 
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Table 1 shows the penetration depth of acoustic shear waves when the MTSM is 
loa
able 1.  Penetration depths (δ) of the harmonic acoustic shear waves of fundamental 
Penetration depth (δ) Penetration depth (δ) in liquid that has 10 
times higher viscosity than water 
ded with a Newtonian liquid.  Since the penetration depth is proportional to the 
square root of the viscosity, the penetration depths of each harmonic of the liquid that has 
10 times higher viscosity than water are always greater than the one in water.  The 
penetration depth of acoustic shear waves at the fundamental frequency is greatest while 
the one of 7th harmonic frequency is smallest because the penetration depth is also 
reciprocally proportional to the square root of the frequency. 
 
T
frequency at 10 MHz in a Newtonian liquid [22]. 
Harmonic No. (frequency) 
in water 
1st H (~ 10 MHz) ≈ 180 nm ≈ 560 nm 
3  H (~ 30 MHz) rd ≈ 100 nm ≈ 320 nm 
5  H (~ 50 MHz) th ≈ 80 nm ≈ 250 nm 
7  H (~ 70 MHz) th ≈ 70 nm ≈ 210 nm 
 
Both relative Δf and α shows stabilized responses regardless of the changes in the 
thickness (h) until it approaches to a couple of penetration depths (δ) in each harmonic in 
Figure 12.  When δ < h < 2δ, there are oscillatory responses, and as the thickness 
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becomes smaller than δ, a typical mass loading effect and Kanazawa viscous effect are 
shown in both relative Δf and α with different magnitudes at each harmonic.  Obviously, 
in most of the cases, the dynamic range of the first harmonic response of both relative Δf 
and α are largest among other harmonics because of the sensitivity.  
Graphs (c) and (d) in Figure 12 show the relative Δf and α of the MTSM sensor 
resp
lts are shown in 
cha
section 6.2.  
onse with a liquid that has 10 times higher viscosity than the water (viscosity ~ 0.01 
kg/ms).  Due to the increase in the viscosity, the penetration depth is also increased and 
it influences the oscillatory responses of relative Δf and α to be appearing with larger 
magnitudes.  In addition, the oscillatory responses start when the film is thicker than the 
case with lower viscosity, such as water case (viscosity ~ 0.001 kg/ms). 
The comparison study between theoretical and experimental resu
pter 6, section 6.2.  In section 6.2., the simulation has been obtained based on the 
mechanical properties of deionized (DI) water.  Also the MTSM measurement system 
has been set up to monitor the evaporation process of DI water.  Both simulation and 
experimental results show similar behavior of MTSM sensor to the evaporation process 
of DI water except some discrepancy in the duration of stage III due to the physical 
difference of water layer.  Detailed explanation of this discrepancy is provided in 
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5.4 Library of the signature of a MTSM sensor with a viscoelastic medium 
 
I is  in 
armonics (relative Δf) and attenuation (α) using equation (4) and (5) are analyzed as a 
‘Li  
 
age I 
In t iological 
film  has been simulated by only varying the thickness.  The starting condition of the 
sample in stage I is in liquid phase.  Because of the low concentration of the solutes in a 
n th  section, the simulations of the relative changes in the resonant frequency
h
brary of the signature’ of a MTSM sensor with variety of ambient loading conditions. 
The three mechanical properties (density, viscosity, and stiffness) and a geometrical 
property (thickness) are considered as main parameters that affect the overall response of 
the MTSM sensors.  Individual stages of Figure 5 are considered as effect of changes in 
mechanical or geometrical parameters by generating either line graphs to study the effect 
from one parameter or surface mesh graphs to monitor the effect from two parameters. 
In addition, the different paths on the surface mesh graphs are investigated to identify the 
contribution of each parameter to the overall response of MTSM sensors. 
 
5.4.1 Effect of changes in thickness on the MTSM response: st
 
his section, the stage I of the evaporation-induced deposition process of b
s
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solu
 
tion (1 mg/ml), the sample was treated as a Newtonian liquid.  The stiffness was 
equal to zero to reveal the characteristic of a Newtonian liquid and density was also equal 
to 1000 kg/m3 to represent the water like sample condition during the simulation of stage 
I.  Due to the evaporation process of the solvent through the liquid surface the thickness 
of the sample changes.  Therefore, only the thickness of the sample was varied from 1 
mm down to 100 nm for the simulations.  Graphs in Figure 13 show the simulation of 
stage I of the MTSM sensor of harmonic responses for liquid with different viscosity. 
Gray arrows in each graph show the direction of changes in the thickness decreasing 
during the evaporation process.  Graphs (a) and (b) show the response of the MTSM 
sensor when the viscosity of the VE load is same as water at 0.001 kg/ms.  These graphs 
show the very beginning status of the stage I.  As the evaporation of the solvent is 
continuous, the concentration of the solute starts to increase and the increment of solute 
affects the viscosity of the solution to rise.  Graphs (c) and (d), and (e) and (f) in Figure 
13 show the response of MTSM sensor with the higher viscosity, 0.01 and 0.1 kg/ms. 
Table 2 summarizes each simulation in Figure 13 and Table 3 shows the penetration 
depth (δ) of acoustic shear waves in each simulation.  
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(a) (b) 
η = 0.001 kg/ms η = 0.001 kg/ms 
  
   
  
 
Figure 13.  Effect of the changes in thickness to MTSM response: Stage I (relative 
changes in resonant frequency and absolute values of attenuation in dB). Gray arrow in 
each graph indicates the direction of the evaporation-induced deposition process. 
(c) (d) 
(e) (f) 
η = 0.01 kg/ms η = 0.01 kg/ms 
η = 0.1 kg/msη = 0.1 kg/ms
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All the graphs in Figure 13 show the same trend.  First, it starts with stabilized 
relative 
Δf)
Attenuation of Newtonian liquid μ = 0, and h = variable 
response when the thickness is much larger than the penetration depth.  Second, as the 
thickness of the VE film reaches close to couple of penetration depth, the response of 
MTSM sensor starts to oscillate in both relative changes in resonant frequency (
 and attenuation (α).  Finally, when the thickness of the VE film becomes smaller 
than the penetration depth, it shows the both Sauerbrey mass effect and Kanazawa 
viscous effect: decrease in both relative Δf and α, as the thickness becomes smaller. 
 
Table 2.  Mechanical properties of VE films of each simulation in Figure 13. 
(a) & (b) 
Harmonic Relative Δf & ρ = 1000 kg/m3, η = 0.001 kg/ms,  
(c) & (d) 
Harmonic Relative Δf & 
Attenuation of Newtonian liquid 
ρ = 1000 kg/m3, η = 0.01 kg/ms,  
μ = 0, and h = variable 
(e) & (f) 
Harmonic Relative Δf & ρ = 1000 kg/m
Attenuation o
s,  
f Newtonian liquid 
3, η = 0.1 kg/m
μ = 0, and h = variable 
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Table 3.  Penetration depths, δ, of the acoustic shear waves of 10 MHz frequency in 
Newtonian liquid with various viscosities [22]. 
 δ, when η = 0.001 kg/ms 
(water) 
δ, when η = 0.01 kg/ms δ, when η = 0.1 kg/ms 
(Glycerol) 
1 H ≈ 180 nm ≈ 560 nm ≈ 1.8 μm 
3 H ≈ 100 nm ≈ 320 nm ≈ 1.0 μm 
5 H ≈ 80 nm ≈ 250 nm ≈ 800 nm 
7 H ≈ 70 nm ≈ 210 nm ≈ 670 nm 
 
Since the  depth is proporti e square root of th y of the 
liquid (equation of penetration depth (δ) in page 33), the oscillatory response of more 
us case o en the thickness o r than the less vis .  This 
henomenon can be found in the simulation of both relative Δf and α.  For the changes 
in 
penetration onal to th e viscosit
visco ccurs wh f it large cous case
p
the relative Δf (graphs (a), (c), and (e) in Figure13), as the harmonic increases the 
oscillatory response initiate at lower thickness due to the smaller penetration depth at the 
higher harmonics.  Also the magnitude of oscillatory response of MTSM is decreasing 
as the harmonic is increasing indicating less sensitivity at higher harmonics.  The 
mechanical properties of the medium can be analyzed by checking the ratio between the 
responses of each harmonic.  The medium with non-uniform distribution of mechanical 
properties will show different ratio between the responses of each harmonic.  In addition, 
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when the thickness is much smaller than the penetration depth (δ << h, when h < 100 nm 
in graphs (c) and when h < 400 nm in graph (e) of Figure 13), it is hard to differentiate 
the response of MTSM in each harmonics.  This indicates that there is a limitation of 
using Δf analysis when the medium is much smaller than the penetration depth. 
Since the penetration depth of more viscous medium is larger than less viscous 
medium, the oscillatory response of MTSM of more viscous medium occurs when the 
thickness are greater than less viscous medium and the magnitude of the oscillatory 
response of more viscous medium is larger than less viscous medium.  The differences 
in 
uation when the thickness is much 
sma
the response of MTSM to different viscous medium can be implemented as the 
signature of medium with changes in the viscosity.  
The changes in attenuation show similar response with the changes in the relative Δf. 
There is a stabilized response when the thickness is much larger than the penetration 
depth and the oscillatory response occurs when the thickness approaches a couple of 
penetration depth followed by the decrease of atten
ller than the penetration depth revealing the both Sauerbrey mass effect and 
Kanazawa viscous effect.  The magnitudes of more viscous medium are greater than less 
viscous medium indicating more acoustic energy being dissipated by more viscous 
medium. 
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5.4.2 Effect of changes in viscosity and thickness on the MTSM response:  
      stage II 
 
In this section, the effect of the changes in viscosity and thickness of VE medium to 
the res  
solutes from the super-concentrated condition near the sensor surface during the stage II, 
the viscosity of the sample at the surface of the MTSM sensor changes dramatically 
dur
ponse of MTSM is discussed.  Due to the layer of sedimentary agglomerated
ing the stage II [68, 69].  Simulations of the response of the MTSM sensor to 
changes in viscosity and thickness of VE thin film are shown in Figure 14.  The 
thickness (h) was varied from 10 μm to 100 nm to show the sensitive response of MTSM 
near the penetration depth.  The viscosity (η) of the film was varied from 0.001 kg/ms to 
0.1 kg/ms to cover the condition of the medium from water like liquid to soft rubber in 
the stage II.  The elastic stiffness (μ) of the film was assumed to be 105 N/m2 that is 
higher than the stage I but still not enough to be a gel phase.  The density (ρ) was fixed 
at 1000 kg/m3 again due to the small range of the variation in density between a water 
like liquid and a crystallized polymer sample [55].  Table 4 shows the mechanical 
values of each variable during the simulations.  Initially the VE medium shows the 
water like VE characteristic with viscosity varying between 10-3 to 10-2 kg/ms and low 
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stiffness (105 N/m2).  This stiffness classifies the condition of the medium as a VE 
medium and also affects the increase in the penetration depth in the medium than the pure 
Newtonian case due to the energy stored by the stiffness of the medium (Figure 15). The 
viscosity of the medium has been increased up to 10-1 kg/ms to simulate the soft rubbery 
condition of the medium.  
 
Table 4.  Mechanical properties of the variables in the simulation of stage II. 
 η (kg/ms) h (m) ρ (kg/m3) μ (N/m2) 
Liquid like 
(initial stage) 
10-3~10-2 10-5~10-7 1000 105
Soft rubber 
(final stage) 
10-2~10-1 10-5~10-7 1000 105
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(a) 1st harmonic (b) 1st harmonic 
Liquid 
like 
Liquid 
like 
Soft Rubber 
 
Soft Rubber 
 
 
(c) (d) 
(e) (f) 
(g) (h) 
Liquid 
like 
Soft Rubber 
Liquid 
like 
Soft Rubber 
Liquid 
like 
Soft Rubber 
Liquid 
like 
Soft Rubber 
Liquid 
like 
3rd harmonic 3rd harmonic 
5th harmonic 5
th harmonic 
7th harmonic 7th harmonic 
Liquid 
like 
Soft Rubber Soft Rubber 
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Figure 14.  Effect of the changes in viscosity and thickness to the MTSM response 
(relative changes in the resonant frequency and absolute values of the attenuation in dB). 
Arrows in each graph indicate the direction of the evaporation-induced deposition 
process. (Solid line circle: stabilized response of MTSM through the thickness changes, 
and dotted line circle: Sauerbrey Mass effect region). 
 
In Figure 14 one can notice that the changes in the thickness of the VE medium does 
not affect the relative changes of Δf and α until the thickness is smaller than a few 
penetration depths in each harmonic (solid line circled area in the graphs in Figure 14).  
In other words, the response of the MTSM sensor (changes in relative Δf and α) reaches 
its stabilized response.  In this region there is no effect from the changes in the thickness 
to the response of MTSM.  However, as the medium thickness reaches close to a few 
penetration depths, the responses of MTSM in both relative Δf and α start to show 
oscillations due to the reflections of the shear acoustic waves at the top of the VE 
medium.  Lucklum et. al. also reported this phenomenon as a oscillatory response [57].  
As the medium becomes more viscous (10-2 ≤ η ≤ 10-1 kg/ms), the penetration depth is 
also increasing and the oscillations become less oscillatory and eventually disappear at 
high viscosity (~ 0.1 kg/ms).  In addition, as the thickness becomes close to the 
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penetration depth it goes to its maximum and then gradually decreases by showing 
Sauerbrey Mass effect and Kanazawa viscous effect (as thickness becomes smaller than 
the depth of penetration the response also decreases due to less mass loadings: dashed 
line circles) in both relative Δf and α.  
 
 
Figure 15.  Penetration depth of acoustic shear waves of MTSM as a function of 
viscosity in harmonics. (ρ = 1000 kg/m3 and μ = 105 N/m2) 
 
As the harmonic increases the dynamic range of the relative Δf and α are decreased 
and the region of stabilized MTSM response is getting bigger at higher harmonics due to 
the smaller penetration depth at higher harmonics.  The arrows in each axis indicate the 
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direction of the evaporation-induced deposition process with an increase in viscosity and 
a decrease in thickness.  Figure 15 shows the penetration depths of acoustic shear waves 
as a function of viscosity in each harmonic.  Due to the contribution from the stiffness 
of the medium, both the relative Δf and α of stage II show stronger oscillatory response 
of MTSM than stage I with no stiffness.  
 
5.4.3 Effect of changes in stiffness and thickness on the MTSM response:  
      stage III 
 
During the stage III of the evaporation-induced deposition process, the stiffness of 
the VE medium starts to play a significant role in the mechanical properties.  The 
medium is rather gel-type hard rubbery condition due to the relatively high viscosity, 
stiffness, and higher concentration of solutes than stage II.  All three variables (viscosity, 
stiffness, and thickness) are changing during this stage, but the stiffness is the leading 
element to characterize the hardening or polymerization of the VE medium condition [49].  
Therefore, stiffness and thickness are varying while density and viscosity are remaining 
unchanged for the simulations in this section.  
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For the contribution of thickness and stiffness, the thickness was varied from 10 μm 
to 100 nm, and the stiffness of the medium was varied from 106 to 108 N/m2 to simulate 
the response of MTSM between hard rubbery to solid like conditions of a layer. The 
viscosity of the film is assumed to be 0.1 kg/ms to reveal the hard rubber gel-type 
condition of the film and the density was fixed at 1000 kg/m3 [49].  Figure 16 shows the 
simulations of the response of MTSM to the changes in thickness and elastic stiffness of 
VE films and Table 5 list the information about the each element of the simulation in 
Figure 16.  
 
Table 5.  Mechanical properties of the variables in the simulations in Figure 16. 
 η (kg/ms) h (m) ρ (kg/m3) μ (N/m2) 
Hard rubber 
(initial step) 
0.1 10-5~10-7 1000 106~107
Solid like 
(final step) 
0.1 10-5~10-7 1000 107~108
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Hard 
Rubber 
Solid like 
Hard 
Rubber 
Hard 
Rubber 
Solid like 
Hard 
Rubber 
Solid like 
Hard 
Rubber 
Solid like 
Hard 
Rubber 
Solid like 
Hard 
Rubber 
Solid like 
Hard 
Rubber 
Solid like 
(a) (b) 
(c) (d) 
(e) (f) 
(g) 
(h) 7
th harmonic 7th harmonic 
1st harmonic 1st harmonic 
3rd harmonic 3rd harmonic 
5th harmonic 5th harmonic 
Solid like 
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Figure 16.  Effect of the changes in stiffness and thickness to MTSM response (relative 
changes in resonant frequency and absolute values of attenuation in dB). Arrows in each 
graph indicate the direction of the evaporation-induced deposition process. 
 
When the medium is in a hard rubber condition (solid line circles), it seems that the 
thickness is no longer affecting the response of MTSM in both relative Δf and α until it is 
below a couple of penetration depths because relative Δf and α have already reached their 
stabilized responses.  This is similar with thickness and viscosity simulations in 
previous section 5.4.2.  Figure 17 shows the penetration depth as a function of stiffness 
in harmonics.  Stiffness contributes the acoustic energy storage in the medium, so the 
penetration depth increases as stiffness increases.  For the first and third harmonics, the 
penetration depth has been increased in the order of two as the stiffness increases by the 
order of two.  When the thickness is approaching a couple of penetration depths (dashed 
line circles), the responses of relative Δf start to show oscillations.  As the medium 
becomes more rigid (increase in stiffness), the magnitudes of the oscillations increase 
dramatically.  These oscillations indicate that the rigid VE medium also resonates at a 
certain thickness and this additional resonant system influences the overall response of 
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MTSM, even with an unusually higher resonant frequency than a bare MTSM situation. 
This phenomenon is also detectable during experiments with real biological samples.  
 
 
Figure 17.  Penetration depth of acoustic shear waves of MTSM as a function of 
stiffness in harmonics. (ρ = 1000 kg/m3 and η = 0.1 kg/ms) 
 
The attenuation (α) of the MTSM at dashed line circle regions show a less sensitive 
response than relative Δf graph.  When the relative Δf oscillates, the α shows no 
noticeable changes.  At 1st harmonic there are noticeable oscillations, whereas at 3rd 
harmonic the oscillations are less noticeable and not noticeable at 5th and 7th harmonics. 
As the thickness of the film becomes smaller than a penetration depth, Sauerbrey Mass 
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effect and Kanazawa viscous effect are evident in both relative Δf and α similar with 
previous viscosity simulations. 
Generally, larger dynamic range of oscillatory response of MTSM in stage III was 
detected when the medium is in rigid condition than stage II.  This indicates the 
contribution of the stiffness to the overall response of MTSM.  However, stiffness 
seems not playing significant role for the attenuation changes.  Rather thickness is 
important than the stiffness to analyze the changes in the attenuation. 
 
5.4.4 Effect of changes in viscosity and stiffness on the MTSM response:  
stage IV 
The main factor during the last stage of the evaporation-induced deposition process 
of biological samples is not thickness but rather shear modulus.  The thickness of the 
medium has been shrunk enough by the evaporation of the solvent during the stage II and 
III.  The scale of the changes in the thickness in the stage II and III are remarkably 
greater than the one in the stage IV.  During the stage II and III, the thickness changes 
at least two to three orders of magnitude (from mm to μm), but it only varies in a same 
order of magnitude during stage IV.  The materials become more rigid by increasing 
stiffness and slightly decreasing viscosity to reveal the gradual hardening progress of the 
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materials while there are relatively small changes in the thickness and density.  This also 
can be depicted in drawing (d) in Figure 5.  Therefore, different with sections 5.4.1, 
5.4.2, and 5.4.3, thickness has been fixed while viscosity and stiffness are varied to 
simulate the effect of the shear modulus (G = μ + jωη) to the response of MTSM, where 
G, μ, j, ω, and η indicate shear modulus, stiffness, 1− , resonant angular frequency and 
viscosity of the VE medium.  Graphs in Figure 18 show the simulations with different 
thicknesses (10-5 m for (a) and (b), 10-6 m for (c) and (d), and 10-7 m for (e) and (f)) at 
first harmonic responses only.  Table 6 and 7 show the information about the variables 
of the simulations in Figure 18.  
When the VE film is relatively thick (h ~ 10 μm, graphs (a) and (b) in Figure 18), it 
seems that the stiffness has more affect on the response of MTSM than the viscosity since 
the stiffness is directly connected to the storage of the acoustic energy that is traveling 
through the medium.  The oscillations in graph (a) are not clearly shown except one and 
this is due to the scale of the ordinate.  When the thickness of VE film is approximately 
1 μm (graphs (c) and (d) in Figure 18), the oscillatory response of both relative Δf and α 
are only shown when the film is in a rather hard rubbery condition.  As the film 
becomes more rigid, both relative Δf and α are showing Sauerbrey mass loading effect 
with a certain frequency shift and decreasing in the attenuation.  The VE medium is 
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rather behaving as a rigid thin film due to the high stiffness (107 ~ 108 N/m2) in this stage.  
Similar analysis of mass loading effect can be invoked to the graphs (e) and (f) in Figure 
18 (h ≈ 100 nm).  The relatively small scale of the ordinate in both relative Δf and α are 
caused by the small thickness of the VE film during the simulation.  Figure 19 shows 
the penetration depth of 1st harmonic acoustic shear waves of MTSM as a function of 
stiffness with different viscosity.  As a result, for the cases with a fixed thickness, 
stiffness plays a more important role than viscosity to the overall response of the MTSM 
sensor.  
 
Table 6.  Mechanical properties of the variables in the simulation in Figure 18. 
 η (kg/ms) h (m) ρ (kg/m3) μ (N/m2) 
Hard rubber 0.001~0.01 10-5, 10-6, 10-7 1000 106~107
Solid like 0.01~0.1 10-5, 10-6, 10-7 1000 107~108
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(b) (a) 
Hard 
Rubber 
Solid 
like 
Hard 
Rubber 
Solid 
like 
 
(d) (c) 
Solid 
like 
Hard 
Rubber 
Hard 
Rubber 
Solid 
like 
 
(e) (f) 
Hard 
Rubber 
Solid 
like 
Hard 
Rubber 
Solid 
like 
 
Figure 18. Effect of the changes in the film viscosity and stiffness to MTSM response 
(relative changes in resonant frequency and absolute values of attenuation in dB). Arrow 
in each graph indicates the direction of the evaporation-induced deposition process. 
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Table 7.  Summary of the graphs in Figure 18 
(a) 1st harmonic: Relative Δf  h = 10-5 m (b) 1st harmonic: Attenuation, α,  h = 10-5 m
(c) 1st harmonic: Relative Δf  h = 10-6 m (d) 1st harmonic: Attenuation, α,  h = 10-6 m
(e) 1st harmonic: Relative Δf  h = 10-7 m (f) 1st harmonic: Attenuation, α,  h = 10-7 m
 
 
 
Figure 19. Penetration depth of 1st harmonic acoustic shear waves of MTSM as a function 
of stiffness with different viscosity. (ρ = 1000 kg/m3) 
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5.4.5 Effect of changes in density on the MTSM response 
 
Usually, the variation range of density between a liquid like phase to a solid like 
material is smaller than the range of viscosity (0.001 ~ 1 kg/ms) and elastic stiffness (103 
~ 109 N/m2), which varies significantly (at least a couple of orders of magnitude).  The 
density of water is 1000 kg/m3 while the density of a typical polymer is approximately 
800 ~ 1500 kg/m3 [70]. This explains why the density of previous cases (sections 5.4.1, 
5.4.2, 5.4.3, and 5.4.4) of parametric studies was kept at 1000 kg/m3.   
The density was only varied from 500 to 2000 kg/m3 for the simulation to be in the 
realistic range.  The results showed either a typical Sauerbrey Mass effect (decrease or 
increase in densities mean lighter or heavier the medium becomes) or the Kanazawa 
viscous effect (increase in the product of density and viscosity of the liquid means 
increase in the mechanical load on the surface of the MTSM sensor, respectively).  
Graphs in Figure 20 show the effect of density in the response of the MTSM sensor and 
Table 8 explains the details in the simulations.  In the case with graphs (a), (b), (c), and 
(d), the thicknesses of the VE films are always much larger than the penetration depths of 
the VE films (see Figure 21 for the penetration depth).  Therefore, the MTSM sensor 
treats the VE film as a load with an infinite thickness film and the Kanazawa viscous 
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effect [40] is showing in the graphs.  As the density of the VE film increase, the relative 
changes in Δf and α are also increased.   
As an acoustic signature, the attenuation of the higher harmonic responses, such as 5th 
and 7th harmonics, seems not sensitive to the changes in the density of the medium, and 
the attenuation of the lower harmonics, such as 1st and 3rd harmonics, shows the density 
effect (as density increases attenuation also increases due to the Kanazawa viscous effect).  
For the case with (e) and (f), the thickness of the VE film is always much smaller than the 
penetration depth of the VE film, except the 7th harmonic.  At 1st, 3rd, and 5th harmonics, 
the graphs show the typical Sauerbrey Mass effect.  At the 7th harmonic, as the density 
increases, the penetration depth of the MTSM sensor becomes close to the thickness of 
the film and this causes the oscillatory behavior of the MTSM sensor.  
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(a) (b) 
 
(c) (d) 
 
(e) (f) 
Figure 20.  Effect of the changes in the film density to MTSM response (relative 
changes in resonant frequency and absolute values of attenuation in dB).  
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Table 8.  Mechanical properties of the variables in the simulation in Figure 20. 
Graphs η (kg/ms) h (m) ρ (kg/m3) μ (N/m2) 
(a) and (b) 0.001 10-4 500 ~ 2000 0 
(c) and (d) 0.01 10-5 500 ~ 2000 105
(e) and (f) 0.1 10-6 500 ~ 2000 108
 
 
(a) (b) 
(c) 
Figure 21.  Penetration depth of acoustic shear waves of MTSM as a function of density 
for different harmonics. (a) penetration depth of the graphs (a) and (b), (b) penetration 
depth of the graphs (c) and (d), and (c) penetration depth of the graphs (e) and (f) in 
Figure 20. 
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5.4.6 Applications of the concept of signatures of a MTSM for analysis of 
the deposition process 
 
In this section specific cases are discussed with the use of MTSM sensor technology 
based on the results of previous simulations, and the acoustic signatures of the response 
of MTSM sensor are also discussed.  Previous surface mesh graphs are sliced and line 
graphs are prepared to study the case with more specific conditions of the VE loading on 
the MTSM sensor.   
 
Case A 
Case B
Case C
Case D
Case E 
Stiffness [N/m2] Viscosity [kg/ms] 
θ 
Figure 22.  Surface mesh graph with five different hypothetical paths on the surface. 
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The surface mesh graph with shear modulus (viscosity and stiffness) as variables and 
five different hypothetical paths (case A to E) on the mesh are showing in Figure 22.  
Depending on the direction or path of the slice, the resulting line graph indicates the 
different signature.  Each path on the mesh is categorized by the angle ( θ ) from the 
viscosity axis. 
The path of ‘Case A’ in Figure 22 indicates the signature of a medium that has 
constant thickness (10 μm) and stiffness (106 N/m2), and varying viscosity (0.001 ~ 0.1 
kg/ms).  The sliced line graph of ‘Case A’ is shown in Figure 23.  The results show a 
signature of the viscosity driven process because only viscosity is varying during the 
process.  Along the path, there are increments of damping of the acoustic energy due to 
the increase in the viscosity of the medium. 
 
 
Figure 23.  Case A (θ ≈ 0°): A signature of the viscosity (η) driven process 
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The relative Δf and α graphs of all the harmonics show a similar trend except 1st 
harmonic. Because of the penetration depth of 1st harmonic commensurate with the 
thickness, 1st harmonic response shows oscillatory response when the viscosity is 
between 10 and 1 on the arbitrary x-axis on the graphs in Figure 23.  Penetration depths 
of higher harmonics, such as 3rd, 5th, and 7th are smaller than the thickness of the film in 
this case. 
The path of ‘Case B’ in Figure 22 is the signature of the process that has more 
contribution from viscosity than stiffness.  In this path, viscosity is changing two orders 
of the magnitude (from 0.001 to 0.1 kg/ms) while stiffness is changing only 10 times 
(from 106 to 107 N/m2).  In other words, this path can be analyzed as a Case A path with 
an additional contribution from the stiffness.  Figure 24 shows the line graph of the path 
‘Case B’ on the mesh with higher harmonics, too.  There are more effects from damping 
than storing of the acoustic energy in to the medium due to the more contributions from 
the viscosity than the stiffness factor. 
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Figure 24.  Case B (θ ≈ 27°): A signature of the viscosity (η) > stiffness (μ) driven 
process 
 
Involvement of stiffness in this Case B increases the penetration depths of all the 
harmonic responses than the Case A.  The penetration depth of 1st harmonic is always 
greater than the thickness of the medium through the normalized axis of stiffness and 
viscosity, but still the penetration depths of higher harmonics are smaller than the 
thickness.  Therefore, only 1st harmonic response shows the oscillatory behavior that is 
stronger than the Case A in Figure 23. 
The path of ‘Case C’ in Figure 22 indicates the signature that involves viscosity and 
stiffness with similar impacts in the process.  Both viscosity and stiffness are changing 
two orders of magnitude during the process.  The viscosity is changing from 0.001 to 
0.1 kg/ms same as previous Case A and B and stiffness is changing from 106 to 108 N/m2.  
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Therefore, the contribution from the stiffness is stronger than the Case B and the result of 
the stronger impact from the stiffness is shown by the larger magnitude of oscillatory 
response of MTSM sensor in Figure 25.  
 
 
Figure 25.  Case C (θ ≈ 45°): A signature of the viscosity = stiffness driven process 
 
In this case, the penetration depths of each harmonic are increased than the Case B 
because of the increased stiffness.  Besides the fact that the larger magnitude of the 
oscillatory response of 1st harmonic response than the Case B, as a first time, 3rd 
harmonic response starts to show the oscillatory response like 1st harmonic which 
indicating the penetration depth of 3rd harmonic is also similar with the thickness of the 
medium.  As the medium becomes more rigid condition, the magnitudes of the 
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oscillatory response in both relative Δf and α are also increased because of the increasing 
stored acoustic energy in the medium. 
The path of ‘Case D’ in Figure 22 reveals the signature that has more impact from the 
stiffness than from the viscosity during the process.  The viscosity is only changing 10 
time (from 0.001 to 0.01 kg/ms) while the stiffness is changing two orders of magnitude 
(from 106 to 108 N/m2).  There are more effects from storing than damping of the 
acoustic energy in the medium because of more involvement from the stiffness than the 
viscosity. 
 
 
Figure 26.  Case D (θ ≈ 72°): A signature of the viscosity < stiffness driven process 
 
The oscillatory responses of MTSM sensor are showing in 1st, 3rd, and 5th harmonics 
in Figure 26, because the penetration depths of 1st, 3rd, and 5th harmonic are smaller than 
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the thickness of the medium.  Due to more effect from the stiffness than the viscosity, 
the magnitudes of the oscillatory response of MTSM sensor are greater than previous 
cases A, B, and C.   
Finally, the path of ‘Case E’ in Figure 22 is the signature that has only stiffness 
contribution during the process.  The viscosity is constant at 0.001 kg/ms while the 
stiffness is changing from 106 to 108 N/m2.  Therefore, the all the contributions during 
the process are caused by the increase in the stiffness only.   
 
 
Figure 27.  Case E (θ ≈ 90°): A signature of the stiffness driven process 
 
In this case, the oscillatory responses of a MTSM sensor are showing in all the 
harmonics because the penetration depths of all the harmonics are greater than the 
thickness of the medium.  Since the contribution only comes from the stiffness, the 
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magnitude of the oscillatory response of a MTSM sensor in this case shows maximum 
values in both the relative Δf and α graphs. 
 
5.5 Simulation of a MTSM for an evaporation-induced deposition process of 
collagen and albumin 
 
This section describes the simulation of an evaporation-induced deposition process of 
collagen and albumin as a case study.  Section 5.5.1 provides the method of the 
simulations.  Section 5.5.2 and 5.5.3 describe the modeling of the collagen and albumin, 
respectively.   
 
5.5.1 Methodology 
 
The changes in the attenuation, α, (equation 4) and relative Δf (equation 5) of MTSM 
sensor to the evaporation-induced deposition process of collagen and albumin samples 
has been simulated using MatLab software.  The model requires four variables, such as 
density (ρ), elastic stiffness (μ), viscosity (η), and thickness (h) to simulate the relative Δf 
and α of the MTSM sensor.  The thicknesses of collagen and albumin were obtained by 
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indirect method of measuring the mass of solution of collagen and albumin samples 
during the evaporation process.  The same MTSM sensor holder with collagen or 
albumin sample was placed inside of the microbalance.  The side windows of the 
microbalance were closed while the top window was maintained to be opened during the 
entire measurement.  The changes in the mass of collagen or albumin solution during 
the evaporation process were recorded every 30 seconds.  Then, the mass changes were 
converted to the changes in the thickness by assuming the fixed density of the sample at 
1000 kg/m3 due to the low concentration of the solution (1 mg/ml).  The viscosity and 
stiffness of the samples under high frequency (> 10 MHz) were taken from the previous 
work and literatures [63, 71].  Figure 28 shows the resulting thickness changes of 
collagen and albumin during the evaporation-induced deposition process.  Then this 
thickness graphs were converted to mass fraction of free solution (MFfree-solution) curves 
based on the following equations.   
 
solutionfree
solutionfree MM
MMF
−∞
∞
− +=  ……………………………………….(7) 
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where M∞ and Mfree-solution indicate final stabilized mass of the collagen sample from the 
microbalance measurement and mass of the sample during the process.  Figure 29 shows 
the mass fraction of free solution curves of collagen and albumin. 
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Figure 28.  Changes in the thickness of collagen and albumin during the evaporation 
process 
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Figure 29.  Mass fraction of free solution curves of collagen and albumin samples 
during the entire evaporation-induced deposition process 
 
Basically the mass fraction of free solution graphs can be divided into three regions, 
such as region I, II, and III.  First, the region I can be described by approximately 
constant rate of mass fraction of free solution curve.  In this region, the sample is in a 
solution with a dilute solute due to the low concentration (1 mg/ml).  Next, the region III 
can be identified by its stable responses.  In this region, there is no change in the mass 
fraction of free solution and this means that most of the solvent is already evaporated and 
left only agglomerated solute.  Finally, the region between region I and III is the region 
II and it can be described with its falling rate of increase in the mass fraction of free 
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solution.  The different slope between collagen and albumin is caused by the different 
ambient conditions, such as air flow on the top window of the microbalance, temperature, 
humidity, etc. 
 
5.5.2 Modeling collagen 
 
Collagen is a fibrous protein found mostly in skin, bone, and other connective tissues 
of animals.  Due to a unique triple helix configuration of three polypeptide subunits 
known as -chains, it usually is in a form of fibrous shape called fibrils (see Figure 30).  
An individual fiber varies in a diameter from less than 1 μm to approximately 12 μm.  It 
is composed of fibrils, and the fibers are usually arranged in bundles.  Therefore, they 
form more compact and aligned thin rigid film at the end of the evaporation-induced 
deposition process [12, 72].   
The viscoelastic mechanical properties of collagen during the evaporation process are 
mainly depend on the concentration of the collagen solutes and the condition of the 
fibrous collagen protein.  There are some reports about the elastic modulus of collagen 
cartilage from the superficial zone with approximately 7.0 GPa parallel and 2.21 GPa 
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perpendicular to the cleavage line pattern [73] and in vivo viscoelastic mechanical 
properties of the carotid artery by analyzing the elastin and collagen [74]. 
 
 
Figure 30. -chains of collagen [75]. 
 
Figure 31 show the hypothetical changes in the viscosity and the stiffness of collagen 
sample for the simulation of the evaporation-induced deposition process.  Four regions 
(I, II, III, and IV) in Figure 31 are categorized by the analysis of a typical evaporation 
process of biological sample in Figure 5, the mass fraction of free solution graph in 
Figure 29, and experimental results of MTSM sensor with collagen sample in Figure 39 
and 40.   
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The initial viscosity and stiffness were set at the value of water (0.001 kg/ms and 0 
N/m2) to represent the water like condition and maintained at similar value to indicate the 
stage I.  This stage I in Figure 31 also corresponds to region I in Figure 29.  At the end 
of the stage I (about 40 minutes), the viscosity starts to increase suddenly because of the 
increase in the concentration of the collagen solute [68].  The stiffness is maintained at 
the liquid like value to describe the phase transition of the medium from water like to a 
higher viscous soft rubber condition.  The stiffness of the sample starts to increase (up to 
107 N/m2) at the middle of the stage II while the viscosity is already high (0.1 ~ 1 kg/ms) 
[73, 74].  This stage II corresponds to region II in Figure 29.  During the stage III, the 
stiffness of the sample keeps increase (up to 109 N/m2) and the viscosity decrease slightly 
(from ~ 1 to 0.7 kg/ms) to describe the hardening and fibrillation processes of the 
collagen sample [37, 50, 63, 76].  The viscosity and stiffness are generally fixed at the 
end of the stage III and stayed during the stage IV to reveal the final stabilization process 
of the evaporation-induced deposition process of collage sample.  These stages III and 
IV correspond to region III in Figure 29. 
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Figure 31.  Hypothetical changes in the (a) viscosity and (b) stiffness of collagen sample 
during the simulation of the evaporation-induced deposition process. 
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Figure 32 shows the results of the simulation that represents the evaporation-induced 
deposition process of collagen sample.  Both graphs specify clear indication of each 
stage.  Because of the relatively high thickness of the film than the penetration depth of 
the acoustic waves, both relative Δf and α show stabilized response of a MTSM sensor in 
the stage I.  In Figure 31, the viscosity of the film starts to increase earlier than the 
stiffness.  Slight increases in the viscosity result more effect on the α than the relative Δf 
and this can be seen from graphs in Figure 32 at the end of stage I.   
During the stage II, both the viscosity and stiffness increase.  Since the viscosity 
keeps increasing while the stiffness just starts to increase at the first part of the stage II, it 
seems that the viscosity is a dominant factor for the response of the MTSM sensor in the 
first part of the stage II.  This can be explained by the sudden decrease in the relative Δf 
causing by the viscous loading effect.  During the second part of the stage II, the 
stiffness starts to play important role even the film is still in a soft rubbery condition.  
After the stiffness of the film reaches certain value (about 105 ~ 106 N/m2), the response 
of the MTSM sensor shows a different behavior because of the contribution from the 
stiffness of the film.  In the relative Δf graph (a) in Figure 32, this can be seem by 
decrease in the changes in the resonant frequency.  Also in graph (b), the slope of the 
decreasing attenuation (α) becomes smaller due to the increase in the stiffness of the film.   
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Figure 32.  Simulation of the evaporation-induced deposition process of collagen sample. 
(a) Relative changes in the resonant frequency and (b) attenuation of each harmonic. 
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During the stage III, the viscosity starts to decrease after it reaches its maximum at 
about 1 kg/ms and the stiffness seems to reach its maximum.  This decrease in the 
viscosity causes the decrease in the relative Δf at the beginning part of the stage III.  
The high value of the stiffness (~ 108 N/m2) affects the sudden decrease in the attenuation 
graph at the end of the stage III.  Obviously, stabilized viscosity and stiffness result also 
stable response of the MTSM sensor during the final stage IV. 
 
5.5.3 Modeling albumin 
 
Albumin is a type of simple protein that is soluble in pure water and widely 
distributed throughout the tissues and fluids of plants and animals.  It is precipitable 
from solution by strong acids and coagulable by heat in acid or neutral solution.  It can 
be easily found in egg whites, blood, lymph, and other tissues and fluids [77].  Albumin 
has a cylindrical shape with approximately 14 × 4 nm dimensions and Figure 33 shows a 
simulated picture of albumin.  There are some reports about the viscoelastic mechanical 
properties of bovine serum albumin [78, 79]. 
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Figure 33.  An image of albumin [80]. 
 
When albumin starts to coagulate, it becomes rather amorphous cluster while collagen 
forms a polycrystalline structure.  Again, four regions (I, II, III, and IV) in Figure 34 
are categorized based on the mass fraction of free solution graph in Figure 29 and 
experimental results of MTSM sensor with albumin sample in Figure 39 and 40.  The 
viscosity of albumin simulation is similar with the one of collagen.  It starts with water 
like value (0.001 kg/ms) at stage I.  The viscosity of albumin is increased up to its 
maximum value (~ 1 kg/ms) during the stage II, and slightly decreased (~ 0.5 kg/ms) to  
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Figure 34.  Changes in the (a) viscosity and (b) stiffness of albumin sample during the 
simulation of the evaporation-induced deposition process. 
 
reveal the hardening process during the stage III [37, 50, 78].  The value of the stiffness 
of albumin is set to be similar with collagen at the stages I and II, but, at the stage III, it 
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is set to be lower (~ 108 N/m2) than collagen (~ 109 N/m2) to indicate the softer 
characteristic of an albumin film than collagen film.  Finally, the viscosity and stiffness 
of the stage IV is expressed by the stable values of both viscosity and stiffness, same as 
the collagen simulation.  Figure 34 shows the actual values of viscosity and stiffness 
that are used for the evaporation-induced deposition process of albumin sample. 
The signature of whole evaporation-induced deposition process of albumin sample 
has been simulated using four variables (thickness, density, viscosity, and stiffness) and 
shown in Figure 35.  The thickness of the albumin was obtained by in-direct method of 
monitoring the mass changes of albumin sample, same as collagen, and the density of 
albumin was fixed at the value of water (1000 kg/m3).  
The stage I is same as collagen case by showing stable response of the MTSM sensor 
since the parameters for the simulation are similar.  In stage II, the magnitudes of the 
relative Δf and α of albumin are larger than collagen due to the faster increment of the 
viscosity of albumin than collagen.  However, at the higher harmonics, such as 5th and 
7th, the attenuation shows stable response while 1st and 3rd shows a typical decreasing 
response due to the effect from the high stiffness.  Stage III and IV are similar with 
collagen case.  Because of the decrease in the viscosity, the relative Δf and α also 
decrease, and finally show the stabilized response of the MTSM sensor. 
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Figure 35.  Simulation of the evaporation-induced deposition process of albumin sample. 
(a) Relative changes in the resonant frequency of each harmonic and (b) attenuation. 
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6 EXPERIMENTAL ANALYSIS OF MTSM 
 
In this chapter, first, the development of a MTSM measurement system is described.  
Next, for the calibration purpose, the signature of an evaporation process of a Newtonian 
liquid (Deionized water) has been analyzed using the MTSM measurement system.  
Finally, after the calibration of the MTSM system, the signature of an evaporation 
process of biological samples (collagen and albumin) has been characterized by using the 
MTSM measurement system.  In addition, the biological samples were analyzed using 
optical, AFM, and SEM devices. 
 
6.1 Development of a MTSM measurement system 
 
The MTSM measurement system is simple to operate compared with the existing 
biological sample measurement techniques described in earlier chapters.  There is 
neither fluid flow nor any moving parts, and it requires only a small amount 
(approximately 100 ~ 50 μl) of target biological sample.  The key element of the MTSM 
measurement system is an interchangeable piezoelectric sensor in a form of a disk on 
which a thin biological film is formed.  The sensor surface consists of gold that is 
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biocompatible and amenable to surface treatments, such as gelatin, poly-L-lysine, thiol 
functionalized molecules, or fibronectin coating, commonly used in standard anchorage-
dependent biological culture procedures.  Figure 36 shows the HP-4395A Network 
Analyzer (NA) based measurement system that has been used for this experimental study.  
During the experiments, only one side of the TSM sensor was loaded with the target 
samples.  The sensor was connected to the NA to generate a shear oscillation at each 
harmonic and to measure the S21 frequency response of the MTSM sensor.  The MTSM 
sensor with 10 MHz fundamental resonant frequency was used in this experiment and the 
MTSM sensor was excited at 1st, 3rd, 5th, and 7th harmonics (approximately 10 MHz, 30 
MHz, 50 MHz, and 70 MHz) using the Network Analyzer (NA).  All the measurements 
were performed in an air flow controlled chemical hood.  The ambient temperature was 
consistently kept at room temperature (approximately 25 °C ± 3°C) with humidity 
approximately 40 ~ 50 %. 
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Figure 36.  (a) MTSM measurement system with a humidity & temperature meter in 
chemical hood and (b) image of a MTSM holder. 
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6.2 Validation of a MTSM measurement system using an evaporation process 
of a Newtonian liquid 
 
As a validation process of the MTSM measurement system, the model was simulated 
to represent an evaporation process of deionized (DI) water, and the experimental results 
of an evaporation process of DI water using the MTSM measurement system were 
compared.  During the process, only thickness changes due to the thermal surface 
evaporation process of water molecules while other properties, such as density and 
viscosity, are unchanged.  Graphs (a) and (b) in Figure 37 show the experimental results 
of the relative Δf and α of MTSM for the evaporation process of DI water and graphs (c) 
and (d) are the results of the simulation using equation (4) and (5).  Both simulation and 
experiment show no stage II in this Newtonian case because stiffness is zero, and the 
viscosity and density are constants.  This means that the overall response of MTSM 
sensor is governed by the changes in the thickness only.  Stage I indicates the stabilized 
response of MTSM to water loading due to the relatively greater thickness of a water 
layer than the penetration depth of acoustic waves.  The following stage III shows 
Sauerbrey mass effect when the thickness of a water layer becomes smaller than a 
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Figure 37.  Validation of the system for an evaporation process of Newtonian liquid 
using mechanical properties of water. (a) and (b) Experimental results, and (c) and (d) 
simulation of the process. 
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penetration depth.  The sudden decrease in the resonant frequency of MTSM reveals the 
sudden mass changes of a water layer caused by the evaporation of water. 
There is a discrepancy in the magnitude of the relative Δf in graphs (a) and (c).  The 
magnitudes of the experimental results are greater than the one of the simulation results.  
The first harmonic response of MTSM sensor to water loading with a semi-infinite 
thickness is approximately 2.1 KHz and the simulation also shows similar response for 
the first harmonic.  However, as harmonic increases, the discrepancies between the 
experimental results and the simulation are increased.  The experimental result of the 
seventh harmonic response (≈ 13 kHz) reaches up to 2 times of the simulation result (≈ 
5.5 kHz).  The discrepancies between experimental result and simulation are caused by 
the well-ordered water molecules on the surface of gold electrodes of MTSM sensor [41].  
The mechanical properties, such as density and viscosity, of the well-ordered molecules 
of liquid are higher than those of bulk values.  One may notice that the discrepancies are 
also increasing as the harmonics increase.  Under water loads, the penetration depth of 
seventh harmonic acoustic shear waves is approximately 70 nm while one of first 
harmonic is about 180 nm.  This clearly shows the difference in the mechanical 
properties of interfacial and bulk medium of Newtonian liquid.   
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Figure 38.  Changes in the shape of a water layer in the MTSM measurement system 
during an evaporation process. (a) Initial condition of a water layer inside of the MTSM 
measurement system, (b) When the thickness is less than the height of the O-ring, and (c) 
Final stage of a water that deforms to a ring type shape. 
 
There is a different duration of stage III between the experiment and the simulation.  
The duration of the stage III of the experiments is approximately 40 minutes while one of 
the simulations is about 20 minutes.  Basically this difference is caused by the different 
analysis and assumptions of the film thickness when the thickness is relatively small 
during the stage III.  The simulation assumes the thickness of the water layer will be 
gradually decreasing and covering the whole area of the sensor during the entire 
evaporation process.  However, the DI water layer on the MTSM sensor is not behaving 
like assumptions.  Instead of the gradual decrease in the thickness of the water layer, the 
shape of the water layer changes from disk shape to ring shape by sudden collapsing of 
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center area of the water layer and leaving open surface of MTSM sensor.  Figure 38 
depicts this ring phenomenon [81].   
First, a water layer has a shape of disk with uniform thickness through the entire 
MTSM sensor surface (picture (a) in Figure 38).  Then, the thickness of a water layer at 
the edge is higher than the center region because of the surface tension that interacting 
between water and the surface of the O-ring (picture (b) in Figure 38).  Finally, as the 
thickness of the center region of the water layer become thinner, the ring phenomenon 
happens and leaves the center region of the MTSM sensor exposed to air (picture (c) in 
Figure 38).  Because of this ring phenomenon, the air exposed surface area of residual 
water has been reduced from when water layer has a disk shape.  This makes the 
evaporation rate of water to lower and the experimental results show this phenomenon by 
the longer duration of stage III than the simulation.   
 
6.3 Experiment with biological samples (collagen and albumin) 
 
Generally, collagen sample is prepared in liquid like phase and finally ends up with a 
thin rigid (polycrystalline) film under an evaporation-induced deposition process.  
Albumin is also prepared in liquid like phase and ends up with a thin amorphous (less 
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rigid than collagen) film on the gold surface of the MTSM sensor.  Therefore, it is 
important to know the kinetics of deposition process of biological sample as a function of 
time.  The concentration of 50 μl of 1 mg/ml of acid soluble collagen and albumin 
samples, and a MTSM sensor with 10 MHz fundamental resonant frequency was used in 
the experiment.  The kinetics and signatures of the evaporation-induced deposition 
process were monitored using the MTSM sensor measurement system (Figure 36). 
 
6.3.1 Experimental results 
 
For an evaporation-induced deposition process of the biological samples, collagen and 
albumin were chosen.  Collagens are a family of highly characteristic fibrous proteins 
found in all multicellular animals.  A typical collagen molecule has a long, stiff, triple-
stranded helical structure, in which three collagen polypeptide chains, α chains, are wound 
around one another in a ropelike super-helix [10-13].  Albumins are the main protein in 
human blood and the key to the regulation of blood’s osmotic pressure.  Chemically, 
albumin is well known as a class of simple, water-soluble, and heat coagulable protein.  
Also, they can be found in many animal and plant tissues, especially egg white, blood 
plasma, serum, muscles, and milk [11, 12, 14, 15].  
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Graphs in Figure 39 and 40 show results of the changes in the relative resonant 
frequency (Δf) of the MTSM sensor during the evaporation-induced deposition process of 
collagen and albumin solution as a function of time.  All graphs clearly show that there 
are four consecutive stages of the MTSM sensor response during the evaporation-induced 
deposition process of each sample.  Loaded collagen or albumin samples are in a liquid 
phase with about 7.5 mm diameter and 1 mm in height on the MTSM sensor surface as an 
initial condition.  The first stage (I) is indicated by either small or almost no changes in 
the relative Δf and α (between 0 ~ 50 minutes).  The simulations also indicate the first 
stage by showing the stabilized response of MTSM through the thickness changes in the 
graphs of Figure 32 and 35.  During the first stage (I), solvent evaporates through the 
open top surface; hence, the change in the thickness of the liquid medium is the main 
parameter that affects the response of the MTSM sensor.  Meanwhile, the second stage 
is rather complex than the first stage.   
The first part of the second stage (II-1) is indicated by sudden slight (about 1 ~ 2 dB) 
increase in attenuation and last short period of time (less than 5 minutes).  The relative 
Δf of albumin sample shows oscillatory responses at higher (5th and 7th) harmonic and 
this can be analyzed as a point where the thickness of the film approaches a couple of 
penetration depths.  The phase of the sample starts to transform from a Newtonian 
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viscous liquid to viscoelastic (VE) condition during this stage because of the increase in 
the concentration of the solute.  The mass fraction of free solution graphs in Figure 29 
also indicate this region by sudden increase of mass fraction curve.  Simulations also 
show this oscillatory response of MTSM sensor in both relative Δf and α depending on 
the material properties, and can be seen from graphs in Figure13, 14, 16 and 18.   
The second part of the second stage (II-2) is shown by a sudden decrease in the 
relative Δf and α.  It seems that the most of the liquid solvent is evaporated and only left 
with a gel type, soft rubber condition, viscoelastic thin film on the MTSM sensor surface.  
The changes in the shear modulus (increase in viscosity and stiffness) are the major 
driven factors causing the response of MTSM in this stage.  Simulations show similar 
behavior in graphs in Figure 13 and 14, with decrease in relative Δf and α when the 
material property becomes more viscous and rigid.   
The third stage (III) is indicated by small increase in relative Δf and decrease in the 
slope of α.  During this stage, the main driven factors are again shear modulus with the 
slower rate of changes than the stage II.  There is a slight decrease in the viscosity to 
reveal the hardening or gasifying process of the VE film material [63, 71].  Finally, the 
last stage (IV) is shown by a stabilized phase in both relative Δf and α. 
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(a) 
(b) 
Figure 39.  Relative changes (relative Δf) in the harmonic resonant frequencies of the 
MTSM sensor with (a) collagen and (b) albumin samples as a function of time. 
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Figure 40.  Attenuation (α) changes in the harmonic resonant frequencies of the MTSM 
with (a) collagen and (b) albumin samples as a function of time. 
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The different VE characteristics (or acoustic signatures) of each sample can be 
perceived by the comparison of the response of collagen and albumin cases (graphs in 
Figure 39 and 40).  The characteristic of the relative Δf of each harmonic looks similar 
in both collagen and albumin, except the stage II of albumin case that shows oscillatory 
response (or negative frequency shift) [57] at higher (5th and 7th) harmonics.  As the 
thickness of the albumin decreases and approaches to a couple of penetration depths (δ), 
the oscillatory response is initiated at higher harmonics (5th and 7th) due to the smaller 
penetration depth than one of the lower harmonics (1st and 3rd).  The 1st and 3rd 
harmonics show a typical viscous loading effect with increase in the relative Δf and α as 
the viscosity increases.  Simulation graphs (a), (c), (e), and (g) in Figure 14 show this 
typical viscous loading effect.  In terms of the dynamic range of the relative Δf, albumin 
shows almost three to four times larger response than collagen.  This reveals the strong 
viscous loading effect in albumin based on the hypothesis that the density of both sample 
are similar.  The simulations in Figure 34 and 35 also show this bigger response of 
MTSM to albumin by giving faster and earlier increases in the viscosity of albumin than 
collagen.  
Attenuation graphs in Figure 40 show more clear dissimilar characteristic between 
collagen and albumin samples.  In collagen case, the attenuation of each harmonic at the 
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stage IV becomes less than the initial values which means that the film behaves more 
rigidly.  In other words, the stiffness of the collagen sample increases as a function of 
time through the whole thickness, but in albumin case, the attenuation of only 1st and 3rd 
harmonic responses decreased while one of 5th and 7th increased through the time.  This 
indicates that the albumin film has a rather anisotropic amorphous mechanical 
characteristic through the film thickness and this can be detected by the different 
harmonic response of MTSM.  Again, attenuation graphs in Figure 40 indicate that the 
collagen film is stiffer than the albumin film through the film thickness, because 
attenuations of each harmonic response of collagen are generally lower than the one of 
albumin case, except 1st harmonic.  The attenuation response of collagen and albumin 
also indicate that the shear modulus of the outer most film is greater than the inner 
medium due to the higher concentration of solute at the outer surface during the 
evaporation process [68].  The duration of stage II of collagen is shorter than albumin in 
both relative Δf and α, and this indicates the solidification or crystallization process of 
collagen film initiates faster than albumin.  Finally, from the results in Figure 40, one 
may infer that the major contribution of the response of MTSM sensor to collagen comes 
from the changes in the thickness and stiffness of the film while one of albumin comes 
from the changes in the thickness and viscosity during the deposition process. 
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For stage III and IV, generally, the experiments and the simulation show similar 
response of MTSM sensor to both collagen and albumin samples.  The stage III of 
experiments can be explained by slight decrease in the viscosity and final maximum 
value of stiffness of both collagen and albumin [50].  The simulation results also show 
same result with similar changes in the viscosity and stiffness of the film and can be 
found in Figure 31, 32, 34, and 35.   
In summary, the simulation shows similar response with the experimental results. 
Especially, the VE loading signatures of MTSM sensors are detected in both the 
simulations and the experiments with distinct stages.  Meanwhile, there is a clear 
difference between the simulation and the experiments of the relative Δf at the stage II, 
III, and IV.  In the simulation, the magnitude of 1st harmonic relative Δf at the stage II 
is biggest, 3rd harmonic is smaller than the 1st harmonic, 5th harmonic is smaller than the 
3rd harmonic, and 7th harmonic is smallest.  However, it is opposite in the experiments; 
the magnitude of 7th harmonic relative Δf at the stage II is greatest, 5th harmonic is 
smaller than 7th harmonic, 3rd is smaller than 5th, and finally 1st harmonic is smallest.  
For the simulation, the VE film is treated as a material that has uniform distribution of the 
mechanical properties.  The mechanical properties of the VE film are fixed through the 
film thickness for the simulation.  However, since the experiments show different 
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response, first, this means that the mechanical properties of the films are not uniform 
through the film thickness.  Second, the viscoelastic loading on the lower most part of 
the film is bigger than the upper most part of the film.  This can be explained by the 
sedimentation of the coagulated or aggregated clusters of the collagen and albumin on the 
MTSM sensor surface.  The MTSM sensor shows this phenomenon by indicating the 
bigger response at the higher harmonics than the lower harmonics.  This clearly 
indicates the anisotropic, non-uniform distribution of mechanical properties of the 
biological VE thin films during the evaporation-induced deposition process. 
 
6.3.2 Optical, AFM, and SEM analysis of collagen and albumin 
 
Collagen and albumin samples were imaged by three method, such as optical, 
scanning electron microscopy (SEM), and atomic force microscopy (AFM) after the 
experiment.  Tapping mode was used for imaging, and the diameter of the tip of AFM 
was 10 nm.  Since there are difficulties of imaging the samples at the initial liquid status 
or during the evaporation process, only final thin films of both collagen and albumin 
samples were imaged using above three methods and are shown in Figure 41 and 42.  
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       (a)      (b) 
 
(c) 
Figure 41.  Images of crystallized collagen sample after 4 hours of deposition process: 
(a) optical (marker indicates 100 μm), (b) SEM, and (c) AFM images. 
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      (a)      (b) 
Figure 42.  Images of crystallized albumin sample after 4 hours of deposition process: 
(a) optical (marker indicates 50 μm), (b) SEM, and (c) AFM images. 
 
The condition of the surface of collagen thin film is filled with thin rode types of 
crystalline structures of collagen fibrils while one of albumin thin film is filled with 
 
(c) 
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coagulated amorphous structures of albumin.  The uneven and bumpy level of the 
surface of albumin thin film is larger than the one of collagen thin film, and this can be 
found from the images of SEM and AFM in Figure 41 and 42. 
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7 SUMMARY AND CONCLUSIONS 
It has been success hnology as a sensitive 
ol to analyze the interactions with a viscous, viscoelastic, or elastic layer.  After 
Sau
 
A model of a MTSM sensor with a viscoelastic medium has been studied and 
mulated at multiharmonic frequencies from the fundamental up to the 7th harmonic.  
 
fully studied and demonstrated a MTSM tec
to
erbrey derived the equation that provides the linear relationship between the mass on 
the TSM sensor and the resonant frequency shift, there have been many progresses.  
Among many achievements, Kanazawa equation, showing the relationship between the 
resonant frequency shift and the product of density and viscosity of Newtonian liquid, has 
been believed as an important contribution.  Since late 1980’s, many scientists have 
shown the interest of utilization of TSM sensor technology to the viscoelastic materials as 
a next step.  Due to the shear sensitivity of TSM sensors, there has been much research 
about studying biological interfaces and polymerization process because of the material’s 
complex physical viscoelastic characteristics, and still progressing [82, 83]. 
 
7.1 Summary 
si
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Mo
v
deling of the system is established based on an existing continuum electromechanical 
model of an AT-cut TSM sensor, and this has been described in section 5.1.  Effect and 
importance of three mechanical (viscosity, elastic stiffness, and density) and a 
geometrical (thickness) properties of VE medium to the overall responses (relative Δf and 
α) of MTSM sensors were simulated and analyzed, and these effects can be found in 
sections 5.4.  All the variables (viscosity, elastic stiffness, density, and thickness) were 
aried in reasonable ranges based on the literatures for the simulations.  The thickness 
varied from 1 mm to 100 nm while viscosity, elastic stiffness, and density were fixed at 
0.001 kg/ms, 0 N/m2, and 1000 kg/m3 to simulate a Newtonian liquid like behavior of VE 
medium (stage I in Figure 5).  The viscosity and thickness were varied between 0.001 to 
0.1 kg/ms and 10-5 to 10-7 m while elastic stiffness and density were fixed at 105 N/m2 and 
1000 kg/m3 to simulate the transition of the VE medium from a liquid like to a soft rubber 
conditions (stage II in Figure 5).  For a hard rubber and a solid like behaviors of VE 
medium (stage III and IV in Figure 5), the elastic stiffness and thickness were varied 
between 106 to 108 N/m2 and 10-5 to 10-7 m, respectively, while viscosity and density 
were fixed at 0.1 kg/ms and 1000 kg/m3.  Due to the smaller range of variations of 
density of VE medium, the density was fixed for the entire simulations. 
For the signature study of VE medium, the response of MTSM sensor to shear 
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modulus has been carefully analyzed by taking different hypothetical paths on the mesh 
gra
MTSM measurement system has been developed to monitor and analyze 
the
F  vides the beneficial features of the multiharmonic frequency 
sponses of a MTSM sensor.  Most of the research in TSM sensor technology had been 
inv
 
ph, and it can be found in section 5.4.6.  Different path means that the different 
contribution of shear modulus during the process, and Figure 22 shows the concept of the 
different path. 
For the verification process of the model system of MTSM sensor with a VE medium, 
a prototype of 
 evaporation-induced deposition process of biological samples (collagen and albumin). 
Chapter 6 describes the experimental analysis of the system.  Whole evaporation-
induced deposition process of collagen and albumin samples were monitored by use of 
MTSM measurement system. 
 
7.2 Conclusions 
 
irst, this study pro
re
olving only the changes in the fundamental frequency of the TSM sensor.  Due to the 
manufacturing limitations on TSM sensors, the operating fundamental frequency range 
hardly reaches more than 1 GHz and typically varies between 3 MHz up to 1 GHz [84]. 
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Higher fundamental frequency means that the thinner the thickness of the sensor.  For 
example, the thickness of 10 MHz and 25 MHz TSM sensors are approximately 167 μm 
and 67 μm.  As a practical point of view, a TSM sensor with a fundamental frequency 
higher than 100 MHz is difficult to fabricate as a physical sensor because of the 
fragileness.  However, this can be overcome by implementing the multiharmonic 
resonant frequency concept.  With 10 MHz TSM sensors, it is easy to achieve up to 50 
MHz by exciting the TSM sensor in its fifth harmonic mode.  A TSM sensor with 375 
MHz resonant frequency can be obtained by exciting a 75 MHz fundamental resonant 
frequency TSM sensor in its fifth harmonic mode.  Therefore, the nano range superficial 
medium can be easily analyzed by this multiharmonic resonant frequency concept, and 
the utilization of multiharmonic concept provides a “virtually slicing” technology that 
examines the medium at the different distances from the sensor surface based on the 
harmonic frequencies.  From the experimental results of collagen and albumin case 
studies, the responses from the different harmonic frequency clearly show the different 
characteristics of mechanical properties, especially shear modulus, of the sample.  Both 
collagen and albumin film show more rigid characteristic at lower harmonic while 
indicating smaller shear modulus at the higher harmonics, such as 5th and 7th harmonics. 
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Second, importance of depth of penetration of the acoustic shear waves in the 
medium has been emphasized by studying the relationship between the thickness of the 
medium and the depth of penetration.  Every simulation result showed a similar trend of 
the relative Δf and α responses of MTSM as the thickness decreases; stabilization → 
oscillations → Sauerbrey Mass Effect.  When the thickness of the VE medium is much 
greater than the penetration depth of the acoustic shear waves, both Δf and α show 
saturations with no changes through the thickness.  As the thickness of the VE medium 
reaches a couple of penetration depth, all the cases show the oscillations in both relative 
Δf and α.  Finally, when the thickness of VE medium becomes much smaller than a 
penetration depth, regardless of the mechanical properties, all the cases show Sauerbrey 
Mass Effect.  Therefore, the relationship between the thickness (h) of the VE medium 
and the penetration depth (δ) is critical to analyze the response of MTSM sensor.  Since 
the penetration depth of acoustic waves in the VE medium is also a function of 
mechanical properties of VE medium, it is helpful to know the condition of the VE 
medium; whether it is close to a Newtonian viscous liquid or close to a solid elastic 
material.  For example, if the sample is in a Newtonian viscous liquid like phase with 
the thickness larger than 10 μm (when h >> δ), then the relative Δf and α responses of 
MTSM will be stabilized all the time and they are function of only mechanical properties 
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(density, viscosity, and stiffness) of the VE medium.  For the cases when the thickness 
of VE medium becomes a couple of penetration depth or smaller (when h ≈ δ), then the 
Δf and α responses of MTSM will be complicated due to the combinational contributions 
of mechanical and geometrical factors.  When the VE medium reacts as an additional 
resonance system due to the mechanical properties, the negative frequency shift will 
occur and unusual oscillatory response of MTSM sensor will be detected.  Obviously, 
when the thickness of VE medium is much smaller than the penetration depth (when h << 
δ), MTSM sensor shows a typical Sauerbrey Mass Effect. 
Third, acoustic signature of the MTSM sensor response in terms of the effect of each 
echanical properties of the medium has been analyzedm .  In addition, the library of 
acoustic signatures has been established.  The effect of each mechanical properties of 
the medium has been studied by the simulation approach.  As already mentioned above, 
the most important parameter is the relationship between the thickness of the film and the 
penetration depth of acoustic shear waves in the film through the entire process.  The 
viscous characteristic of the film affects more to the overall response of MTSM sensor 
when the film is in rather viscous conditions.  In other words, slight changes in the 
viscosity provide more effect than the similar changes in the stiffness characteristic of the 
film.  However, as the film becomes more rigid condition, the effect from the elastic 
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stiffness shows more impact than the effect from the viscosity changes.  Since the 
density is directly connected to the physical mass of the film, the effect of the changes in 
density is simply showing the typical mass behavior of the MTSM sensor response.   
Fourth, the evaporation-induced deposition process of collagen and albumin solution 
has been examined using the MTSM measurement system, and the experimental results 
and the simulations also have been compared.  Basically, the experimental results were 
similar with the simulations for the whole process by showing the more rigidity of 
collagen film with smaller changes in the relative Δf and attenuation of collagen than 
those of albumin.  Due to the higher viscous loadings of albumin sample, the changes in 
the stage II of albumin is greater than the one of collagen.  The simulation with two 
different hypothetic changes of each variable of collagen and albumin also shows good 
agreement with the experimental result.  In addition, since there is a clear difference of 
the magnitudes of the relative Δf of each harmonics between the simulation and the 
experiment at the stage II, III, and IV, the study shows the clear evidence of anisotropic, 
non-homogeneous distributions of mechanical properties through the film thickness using 
MTSM sensors. 
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7.3 Future work 
 
A  works, the author would like to emphasis three major future 
orks.  
nt characteristics of VE medium in this thesis.  However, more samples that 
rep
conditions have been analyzed.  However, in-depth and 
foc
ned due to the complexity of the 
non
mong many future
w
First, there are only two case studies, such as collagen and albumin, which represent 
the differe
resent different VE characteristics should be investigated with the model.  The 
characterization of the well-known polymers with controllable and programmable 
mechanical properties using MTSM measurement technology can be best candidate for 
the more profound approach.   
Second, the acoustic signatures of the VE medium that varies its mechanical 
properties from viscous to rigid 
used study of the response of MTSM sensor to smaller range of mechanical variation, 
such as only in stage II or III, should be considered.   
Third, exact values of mechanical properties of non-homogeneous, anisotropic 
collagen and albumin samples were not able to be defi
-linear simultaneous equations of the model.  This can be identified by the aid of 
dedicated computer software. 
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9 APPENDIX 
 
The continuum electromechanical model of a MTSM sensor under different ambient 
conditions is derived in this section. First, unperturbed MTSM sensor is considered. Then 
Sauerbrey case, MTSM sensor with rigid medium, is derived followed by Kanazawa case, 
MTSM with a semi-infinite Newtonian liquid. Finally, viscoelastic (VE) case is derived. 
  
9.1 Unloaded MTSM sensor 
 
In Figure 38,  indicates wave traveling positive direction (upper direction) and 
 indicates wave traveling negative direction (downward direction) in TSM sensor. 
+
0u
−
0u
 
MTSM (q) 
Air
Air
zjkqeu −+0
zjkqeu−0
z = 0
z = L
 
Figure 43.  Depiction model of a MTSM sensor with acoustic shear waves traveling 
upward (+) and downward (-) direction. 
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General equation of displacement in MTSM sensor, uq is 
tjzjkzjk
q eeueuu qq
ω)( 00
−−+ +=    ……………………………………………….(A1) 
General equation of stress in MTSM sensor, Tq is 
z
u
T qqq ∂
∂= μ    ……………………………………………………………….(A2) 
 
• Boundary Condition (BC) at z = 0: 
Since , .  0=airT 0=+ airq TT
Then  at z = 0. 0=qT
From the equations (A1) and (A2),  
( ) 0)( 00 =+∂∂= −−+ tjzjkzjkqq eeueuzT qq ωμ  
000 =+−= −−+ zjkqqzjkqqq qq eukjeukjT μμ    …………………………….…….(A3) 
At z = 0 equation (A3) becomes  
−+ = 00 uu . Let . 000 uuu == −+
Then equation (A1) becomes  
( ) tjqtjzjkzjkq ezkueeeuu qq ωω )cos(2 00 =+= −    ……………………….…….(A4) 
Now  at z = L. Then, 0=qT
0)sin(0)sin(2 0 =⇒=− LkLkuk qqqqμ  
πnLkq = , for 1st harmonic, π=Lkq . 
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Since 
q
q v
k 0ω= ,  πω nL
vq
=0 .  
π
ω
n
Lvq 0=∴    ………………………………………………………...……(A5) 
 
• Attenuation of the Bare MTSM 
 
( )
( ) ( )( ) ( ) ( LkjeLkuj
eLkuk
v
TZ qqqtj
q
tj
qqqq
x
xz
q tancos2
sin2
t
A4 Eq.
z
A4 Eq.
2/1
0
0 ⋅=−=
⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎝
⎛
∂
∂∂
∂⋅
== ρμμμ ω
ω ) 
where,  Zq – shear mechanical impedance at the surface. 
 Txz – sinusoidal steady-state shear stress in the x-direction on a z-normal plane. 
 vx – resulting x-directed surface shear particle velocity. 
 
For the simulation of S21 parameters (attenuation, α) of MTSM sensor, the static 
capacitance, C0, has to be involved.  
0
0
1
Cj
Z ω=  
 
0
0
ZZ
ZZ
Z
q
q
T += , and therefore,  
TZ
S +⋅= 100
100log20 1021  
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9.2 MTSM sensor with a lossless (rigid) film 
 
Film (f) 
Air
( )Lzjk
f
feu −−+
( )Lzjk
f
feu −−
z = L
z = L+h 
h 
MTSM (q) 
zjkqeu −+0
zjkqeu−0 z = 0
L 
Air
 
Figure 44.  Depiction model of a MTSM sensor with a coupled rigid thin film. Acoustic 
shear waves travel upward (+) and downward (-) direction in both a MTSM sensor and a 
rigid thin film. 
 
General equation of displacement in lossless film, uf is 
( ) ( )( ) tjLZjkfLZjkff eeueuu ff ω−−−−+ +=  ………………………………..…..(A6) 
General equation of stress in lossless film, Tf is 
z
u
T fff ∂
∂= μ    ………………………………………………………...…….(A7) 
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• 1st Boundary Condition (BC) at z = L+h: 
Since ,  at z = L+h. 0=airT 0=+ airf TT
0=∂
∂=∴
+= hLz
f
ff z
u
T μ  
From the equations (A6) and (A7),  
( ) ( )(( ) 0=+∂∂= −−−−+ tjLzjkfLzjkfff eeueuzT ff ωμ )  at z = L+h. 
( ) 0=+−= −−+ tjhjkfffhjkffff eeukjeukjT ff ωμμ  
 hjkff feuu
2−+− =
Now equation (A6) becomes  
( ) tjLzjkhjkLzjkff eeeeuu fff ω)(2)( −−−−+ +=    …………………………...………(A8) 
 
• 2nd Boundary Condition (BC) at z = L: 
Due to the boundary conditions, fq uu =  at z = L. 
From the equations (A4) and (A8), 
( ) tjhjkftjq eeueLku f ωω 20 1)cos(2 −+ +=  
hjk
q
f fe
Lku
u 2
0
1
)cos(2
−
+
+=∴ , then  
hjk
hjk
q
f f
f
e
eLku
u 2
2
0
1
)cos(2
−
−
−
+= . 
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Now the equation (A6) becomes  
( ) tjLzjk
hjk
hjk
qLzjk
hjk
q
f eee
eLku
e
e
Lku
u f
f
f
f
f
ω
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+++=
−
−
−
−−
− 2
2
0)(
2
0
1
)cos(2
1
)cos(2
 ……...… (A9) 
As a check up, at z = L, the equation (A9) becomes .   tjqf eLkuu
ω)cos(2 0=
This is same as the equation (A4) at z = L. 
 
• 3rd Boundary Condition (BC) at z = L: 
0=+ fq TT  or  fq TT −=  
)sin(2 0 LkukT qqqLzq μ−==  
( )
hjk
hjk
qff
Lzf f
f
e
eLkukj
T 2
2
0
1
1)cos(2
−
−
= +
−−= μ  
( )
hjk
hjk
qff
qqq f
f
e
eLkukj
Lkuk 2
2
0
0 1
1)cos(2
)sin(2 −
−
+
−−=∴ μμ    …………………(A10) 
since 
2
tan
1
1 θ
θ
θ
j
e
e
j
j
=+
−
−
−
, the equation (A10) becomes 
)tan()tan( hkkLkk fffqqq μμ −=    ………….……………………(A11) 
If one put the equation (A5) into the left side of the equation (A11) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ+=⎟⎟⎠
⎞
⎜⎜⎝
⎛=⎟⎟⎠
⎞
⎜⎜⎝
⎛= πω
ωωμπω
ωμωμμ nknkL
v
kLkk qqqq
q
qqqqq
0
0
0
tantantan)tan(  
   ⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ+= πω
ωμπω
ωπμ nknnk qqqq
00
tantan  
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Now the equation (A11) becomes 
)tan(tan
0
hkknk fffqq μπω
ωμ −=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ    ……………………………………(A12) 
)tan(tan
0
hk
k
k
n f
qq
ff
μ
μπω
ω −=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ  
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ − )tan(tan 1
0
hk
k
k
n f
qq
ff
μ
μπω
ω  
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=Δ − )tan(tan 10 hk
v
v
n ffq
qf
μ
μ
π
ωω  
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=Δ∴ − )tan(tan 10 hk
v
v
n
ff f
fq
qf
μ
μ
π   
The equation (A12) can be simplified.  
In case of 1
0
<<Δω
ω  and 1<<hk f , then πω
ωπω
ω nn
00
tan Δ≈⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ  and ( ) hkhk ff ≈tan . 
Now the equation (A12) becomes 
hknk ffqq
2
0
μω
ωπμ −=Δ , h
v
n
v f
f
q
q
2
0
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=⎟⎟⎠
⎞
⎜⎜⎝
⎛Δ ωμπωμω
ω . 
hn
f
f
f
q
q
q ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=⎟⎟⎠
⎞
⎜⎜⎝
⎛Δ
μ
ρωμπμ
ρωμω
ω 22/1
0
  
( ) ( ) hhn ffqq ρωωωρπρμωω Δ+−=−=Δ 02/10  
( ) hn
h
fqq
f
ρωρμπ
ρωω
0
2/1
2
0
+−=Δ∴    
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( ) hfn
hf
f
fqq
f
ρρμ
ρ
0
2/1
2
0
2
2
+−=Δ∴    …………(A13) 
As a check up, when h << 1,  
then  and ( ) hfn fqq ρρμ 02/1 2>> ( ) ( ) 2/102/1 2 qqfqq nhfn ρμρρμ ≈+  
Now the equation (A13) becomes  
( ) 2/1
2
02
qq
f
n
hf
f ρμ
ρ−=Δ∴  which is same as Sauerbrey equation. 
 
9.3 MTSM sensor with viscous loading 
 
Liquid (l) 
( )Lzjk
f
feu −−+
z = L
MTSM (q) 
zjkqeu −+0
zjkqeu−0 z = 0
L 
Air
z = ∞
z
x 
 
Figure 45.  Depiction model of a MTSM sensor with a semi infinite liquid layer. 
Acoustic shear waves travel upward (+) and downward (-) direction in a MTSM sensor 
while only penetrate in upward direction due to the semi-infinite thickness of liquid layer. 
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• Boundary Conditions: 
Continuity of the transverse displacement of the interface at bottom interface (z = 0) 
  xairxq uu =
 0
)(
== =vacuumairTxairxq TT  
- uxq indicates the displacement of quartz crystal at the interface in x-axis. 
- uxair indicates the displacement of air at the interface in x-axis. 
- Txq indicates the stress of the quartz crystal at the interface. 
- Txair indicates the stress of the air at the interface. 
 
Continuity of the transverse displacement of the interface at upper interface (z = L) 
  xlxq uu =
  xlxq TT =
- uxl indicates the displacement of liquid at the interface in x-axis. 
- Txl indicates the stress of the liquid at the interface. 
  
To find displacement and stress in the liquid, one need to specify the allowable shear 
motion in the liquid. 
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• Model for a Liquid: Newtonian Liquid  
- Navier-Stokes Equation: The motion of a non-turbulent, Newtonian fluid is governed by 
the Navier-Stokes equation. This equation describes how the velocity, pressure, 
temperature, and density of a moving fluid are related and the effects of viscosity on the 
flow. 
 ( )[ ] ⎥⎦
⎤⎢⎣
⎡ ⋅∇⎟⎠
⎞⎜⎝
⎛ +∇+×∇×∇++−∇= vvg
dt
vD r&r
r
ηηηρρρ
3
4  …………...……(A14) 
where:  = particle velocity,   vr
dt
D  = the substantive derivative 
 ρ = density,    g = gravity 
 η = viscosity,    η&  = second viscosity 
Assumptions: 
 - η = constant,   Incompressible fluid ⇒ 0=⋅∇ vr  
Then the equation (A14) can be rewritten as follows, 
 ( ) vgpvv
t
v rrr 2∇++−∇=⎥⎦
⎤⎢⎣
⎡ ⋅∇+∂
∂ ηρρ  ………………………..…..……..(A15) 
 
 
 - Small acoustic wave amplitude (linear approximation): ( ) 0=⋅∇ vv rr  
 - No pressure influence: 0=∇p  
 - No gravity force influence: 0=gρ  
dt
vDr
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 Then the equation (A15) will be, 
 v
t
v rr 2∇=∂
∂ ηρ   → a form of diffusion equation ………………………….(A16) 
 
For shear waves propagating in the “z” direction with the displacement along “x” 
direction, the Navier-Stokes equation yields: 
 2
2
z
vr
t
v xx
∂
∂=∂
∂
  ⇒   
z
u
T x∂
∂=η ,   
where T = stress, and ρ
η=r  → kinematic viscosity. 
The solution to the diffusion equation (A16): 
  …………………………………………………….(A17) tjzjkxx eevv z
ω⋅= −0
where  vx – particle velocity in x-axis. 
 vx0 – initial particle velocity. 
kz – wave vector. 
 
 kz = kl – jkl  l = liquid 
 
2/12/1
22 ⎟⎟⎠
⎞
⎜⎜⎝
⎛=⎟⎠
⎞⎜⎝
⎛=
l
l
l r
k η
ωρω  ……………………………………….…..(A18) 
 Im kz (imaginary part of the wave vector kz) = αl  -  damping coefficient. 
 
2/12 ⎟⎠
⎞⎜⎝
⎛==→= ω
ωω r
k
v
v
k
l
l
l
l   
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 Then 
( )zktjz
xx
ll eevv −− ⋅= ωα0   
 Since shear waves only penetrates in a viscous media, 
 
( )
( ) 10 −⋅− ===
=
ee
zv
dzv
zl d
x
zx α , 
l
zd α
1=   
 
• Boundary Conditions at the upper interface (z = L):
 Lzxlxq uu ==   
 Lzxlxq vv ==  ……………………………………………………………..(A19) 
vxq – particle velocity of the quartz crystal in x-axis. 
vxl – particle velocity of liquid in x-axis 
 
Now the equation (A17) at the interface z = L becomes 
 ( ) ( ) ( )[ ]LzktjLzxxl ll eevtzv −−−− ⋅= ωα0,  …………………………………..(A20) 
 
• Boundary Conditions at the upper interface (z = L, t = 0): 
Now the equation (A19) becomes 
  ……………………………………………….…………….(A21) 0xxl vv =
 (kLujvxq cos2 0 )ω=  …………………………………….…………...….(A22) 
Comparing the equations (A21) and (A22), one gets: 
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 ( )kLujv lx cos2 00 ω=  
The solution for shear waves in liquid: the equation (A20) takes a form: 
 ( ) ( ) ( ) ( )[ ]LzktjLzqxl ll eeLkujtzv −−−−= ωαω cos2, 00  ……………...………………(A23) 
 
• Using the second Boundary Conditions at the upper interface (z = L): 
  lq TT =
 
z
u
T xqq ∂
∂= μ ;  
z
v
T xll ∂
∂=η  
 ( ) ( ) tjqqLztjqqqqq eLkkuezkkuzT ωωμμ sin2sin2(A4) Eq. 00 ==⎥⎦⎤⎢⎣⎡∂∂= =  
 ( ) ( ) ( ) tjlqtjlq
Lz
ll ekLkueLkujt
T ωω ωαωη ⋅⋅−⋅⋅−=⎥⎦
⎤⎢⎣
⎡
∂
∂=
=
cos2cos2(A23) Eq. 00  
= Im Tl + Re Tl 
Boundary condition: the in-phase component of the shear stress on the liquid side of the 
interface must equal and opposite of the shear stress on the quartz side. 
lq TT  Re=  , Re Tl – real part of the stress of liquid Tl
( ) ( ) tjlqltjqqq ekLkueLkku ωω ωημ ⋅⋅−=⋅ cos2sin2 00  
Hence, ( ) ( )( )A5 Eq. A18 Eq.tan ⋅−=−= qlqlqlq k
kLk μ
ηωμ
ηω  
and 
2/12/1
2
tan ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=⎟⎟⎠
⎞
⎜⎜⎝
⎛
⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛
qq
ll
q
q L μρ
ηρω
μ
ρω  …………………………………..……….(A24) 
but ( ) πω
ω
μ
ρω ⋅=⋅⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
2/1
A5Eq.LLk
q
q
q   
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because 
0
2/1
ω
π
μ
ρ =⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛
L
q
q  and ωωω Δ+= 0 . 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⋅Δ=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ+=⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ+=⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ+ πω
ωπω
ωππω
ωπω
ωω
0000
0 tantan1tantan  
Then the equation (24) takes a form: 
( )
2/1
2/1
0
0 2
tan ⎟⎟⎠
⎞
⎜⎜⎝
⎛⋅Δ+−=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ
qq
ll
μρ
ηρωωπω
ω ………………………...………..(A25) 
For 1
0
<<Δω
ω ,   πω
ωπω
ω
00
tan Δ≈⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ  
And since , ( ) 2/102/10 ωωω ≈Δ+
The equation (A25) takes a form: 
2/12/3
0
2 ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=Δ
qq
ll
μρ
ηρ
π
ωω  
or 
2/1
2/3
0 ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=Δ
qq
llff μπρ
ηρ
 …………..Kanazawa equation ……….…(A26) 
or ,  where ( ) 2/1llAf ηρ⋅−=Δ
2/1
2/3
0
1
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
qq
fA μπρ  
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9.4 MTSM sensor with viscoelastic (VE) film 
 
• Constitutive equation of VE Material: 
 
dz
dv
dz
du
dt
dSST f ημημ +⎟⎠
⎞⎜⎝
⎛=+=  
Since
dt
duv = , if we let , thentjevv ω0= ωω
ω
j
vev
j
u tj == 01 .   ujv ω=∴  
 ( )
dz
duj
dz
duj
dz
duT fff ωημωημ +=⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛=∴    ……………………...….(A27) 
Now let’s assume ffeff jωημμ +=  in this Maxwell Model. 
Film (f) 
Air
( )Lzjk
f
feu −−+
( )Lzjk
f
feu −−
z = L
z = L+h 
h 
MTSM (q) 
zjkqeu −+0
zjkqeu−0
z = 0
L 
Air  
Figure 46.  Depiction model of a MTSM sensor with a viscoelastic layer. Acoustic shear 
waves travel upward (+) and downward (-) direction in a MTSM sensor while the 
traveling characteristic of acoustic waves in VE medium mainly depends on the 
mechanical and geometrical properties of a VE layer. 
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General equation of displacement in VE film, uf is 
 
( ) ( )( ) tjLZjkfLZjkff eeueuu ff ω−−−−+ += ………………………….………………(A28) 
General equation of stress in VE film, Tf is 
 ( )
dz
du
j
z
u
T fff
f
efff ωημμ +=∂
∂=    ……………….……………..............(A29) 
However, since the film is VE material,  
 ( ) ( ) αjkkjkk fff −=−= Re : wave vector. 
Particle velocity in VE film, 
2/12/1
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=⎟⎟⎠
⎞
⎜⎜⎝
⎛=
f
ff
f
eff
f
j
v ρ
ωημ
ρ
μ
 
 
2/1
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+== ff
f
f
f jv
k ωημ
ρωω  
 ( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛−⎟⎟⎠
⎞
⎜⎜⎝
⎛
+==
−
f
f
ff
f
fkk μ
ωη
ωημ
ρω 1
4/1
22
2
tan
2
1cosRe  
 ( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛−⎟⎟⎠
⎞
⎜⎜⎝
⎛
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• 1st Boundary Condition (BC) at z = L+h: 
Since ,    at z = L+h. 0=airT 0=+ airf TT
 0=∂
∂=∴
+= hLz
f
efff z
u
T μ  
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From the equations (A28) and (A29), 
 ( ) ( )(( 0=+∂∂= −−−−+ tjLzjkfLzjkfefff eeueuzT ff ωμ ) )  at z = L+h.  
 
 0=−++− −−+−−+ hjkfffhjkfffhjkfffhjkfff ffff eukeukeukjeukj ωηωημμ
( )( ) 0=+−+= −−+ tjhjkffhjkfffff eeujkeujkjT ff ωωημ
 ( ) ( ) 0=−+− −+−−−+ hjkfhjkfffhjkfhjkfff ffff eueukjeueuk μωη  ………….……(A30) 
To make the equation (A30) becomes 0, then . hjkf
hjk
f
ff eueu −+− =
 hjkff feuu
2−+− =∴  
Now the equation (A28) becomes ( ) ( ) tjLzjkhjkLzjkff eeeeuu fff ω)(
2 −−−−+ += ……………(A31) 
 
• 2nd Boundary Condition (BC) at z = L: 
  fq uu =
From the equations (A4) and (A31), 
 ( ) tjhjkftjq eeueLku f ωω 20 1)cos(2 −+ +=  
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f fe
Lku
u 2
0
1
cos2
−
+
+=∴    ……………………………………………...……. (A32) 
If one put the equation (A32) back into the equation (A31), then the equation (A31) 
becomes 
 
( ) ( ) ( ) tjLzjkhjkLzjk
hjk
q
f eeeee
Lku
u fff
f
ω)(
1
cos2 2
2
0 −−−−
− ++=  ……………………...….(A33) 
To check up the equation (A33) at z = L, 
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 ( ) tjqLzf eLkuu ωcos2 0== , same as the equation (A4) at z = L. 
 
• 3rd Boundary Condition (BC) at z = L: 
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In case with pure viscous liquid loading, ( ) fff jj ωηωημ ⇒+ . 
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The magnitudes of the real and imaginary components of the propagation constant are 
equal, and it can be shown that in the limit of an infinitely thick layer of viscous load. 
 ( )
j
hk fh
1tanlim =∞→ , then right side of the equation (A34) becomes  
 ( ) ( ) ( ) 2/1
2
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 for 1st harmonic, n = 1.   …………….………(A35) 
Now one can find that the equation (A35) is same as Kanazawa equation, (A26). 
 
 • Attenuation of the Bare MTSM with VE film 
 
 
( )
( ) ( ) ( hkjvTZ ffeffeffxxzf tan
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∂
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∂⋅
== ρμμ )  
 where,  Zq – shear mechanical impedance at the surface. 
 Txz – sinusoidal steady-state shear stress in the x-direction on a z-normal plane. 
 vx – resulting x-directed surface shear particle velocity. 
 For the simulation of S21 parameters (attenuation, α) of a MTSM sensor, the static 
capacitance, C0, has to be involved and Zq has to be added to Zf to calculate the total 
impedance of motional branch, Zs. 
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9.5 MatLab program codes for the simulations 
 
For the simulation of the MTSM sensor with a VE film, the m-file format of MatLab 
software was used to generate 2-D type line graphs and 3-D type surface mesh graphs. 
For the line graphs, only one variable was changed while other three variables were fixed 
to mimic the phase of the VE film for the specific simulation. The simulation of the 
relative Δf was generated by using the equation A34, while the simulation of the 
attenuation was created by the equation A35 in appendix. For the surface mesh graphs, 
two variables were changed while other two variables were fixed.  Followings are the 
program codes for the simulations in this thesis. 
 
9.5.1 M-file of the simulations in Figure 12 and 13. 
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Following M-file is to generate the relative Δf and α simulations of MTSM in 
harmonics of an evaporation process of a Newtonian liquid.  Simulations of different 
Newtonian liquid can be done by giving different viscosity or density values to the 
variables, nf and rf, in the M-file. 
 
For the relative Δf simulation of MTSM in harmonics 
clear; 
hold on 
%----- Info. about TSM sensor ------- 
uq=2.947e10;  %stiffness of MTSM 
rq=2651;  %density of MTSM 
vq=(uq/rq)^.5; %wave velocity in MTSM 
L=1.67e-4;  %thickness of MTSM 
%--------- Info. about Film ------------------ 
h=1e-7:1e-8:1e-5;            %thickness 
uf=0;                           %stiffness 
rf=1000;                       %density 
nf=.001;                       %viscosity 
vf=(uf/rf)^.5; 
%------ Info. about 1st harmonic -------------- 
n=1;                          %harmonic 
f0=1e7; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf*(uf+j*w*nf)).*tan(kf.*h))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
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plot(h,Rrdf,'-') 
xlabel('Thickness [m]') 
ylabel('Relative Changes in Res. Freq.') 
 
%------ Info. about 3rd harmonic -------------- 
n=3;        %harmonic 
f0=1e7*3; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf*(uf+j*w*nf)).*tan(kf.*h))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
plot(h,Rrdf,'--') 
%------ Info. about 5th harmonic -------------- 
n=5;        %harmonic 
f0=1e7*5; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf*(uf+j*w*nf)).*tan(kf.*h))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
plot(h,Rrdf,':') 
%------ Info. about 7th harmonic -------------- 
n=7;        %harmonic 
f0=1e7*7; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
 147
df=(f0/(n*pi))*atan(((-kf*(uf+j*w*nf)).*tan(kf.*h))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
 
plot(h,Rrdf,'-.') 
 
For the α simulation of MTSM in harmonics 
 
clear; 
uq=2.947e10;                        %TSM stiffness 
rq=2651;                            %TSM density 
nq=3.5e-4;                          %TSM viscosity 
vq=(uq/rq)^.5; 
e22=3.982e-11; 
r=2.5e-3;                           %radius of 10 MHz MAIB 
area=pi*r^2; 
K2=7.74e-3; 
hf=1e-7:1e-8:1e-6;                  %film thickness 
uf=0;                               %film stiffness 
rf=1000;                            %film density 
nf=.001;                              %film viscosity 
vf=(uf/rf)^.5; 
% 1 H ========================= 
N=1;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf))*tan(kf1.*hf))./(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
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L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt);  
plot(hf,-atte,'-'); hold on; 
xlabel('Thickness [m]') 
ylabel('Attenuation [dB]') 
% 3 H =============== 
N=3;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf))*tan(kf1.*hf))./(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
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L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(hf,-atte,'--'); hold on; 
% 5 H =============== 
N=5;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf))*tan(kf1.*hf))./(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
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ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(hf,-atte,':'); hold on; 
% 7 H =============== 
N=7;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2/(uf^2+(w*nf)^2))^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2/(uf^2+(w*nf)^2))^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf))*tan(kf1.*hf))./(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
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Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(hf,-atte,'-.'); hold off; 
 
9.5.2 M-file of the simulations in Figure 14. 
Following M-file is to generate the effect of the changes in viscosity and thickness to 
the MTSM response (relative Δf and α) in harmonics.  Simulations of different 
harmonics can be done by giving a different harmonic value to the variable, n, in the M-
file. 
 
For the relative Δf simulation of MTSM in harmonics 
 
%----- Info. about TSM sensor ------- 
uq=2.947e10; 
rq=2651; 
vq=(uq/rq)^.5; 
L=1.67e-4; 
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%--------- Info. about Film ------------------ 
rf=1000;             %density 
uf=0;                %stiffness 
[nf,hf]=meshgrid([1e-3:1e-4:.1],[1e-7:1e-8:1e-5]); %viscosity & 
thickness 
vf=(uf/rf)^.5; 
%------ Info. about 1st harmonic -------------- 
n=1;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf^2+(w.*nf).^2)).^.25.*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf^2./(uf^2+(w.*nf).^2)).^.25.*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf.*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
mesh(hf,nf,Rrdf); 
xlabel('Thickness [m]') 
ylabel('Viscosity [kg/ms]') 
zlabel('Relative Changes in Res. Freq.') 
 
For the α simulation of MTSM in harmonics 
 
clear; 
uq=2.947e10;                        %TSM stiffness 
rq=2651;                            %TSM density 
nq=3.5e-4;                          %TSM viscosity 
vq=(uq/rq)^.5; 
e22=3.982e-11; 
r=2.5e-3;                           %radius of 10 MHz MAIB 
area=pi*r^2; 
K2=7.74e-3; 
[nf,hf]=meshgrid([1e-3:1e-4:.1],[1e-7:1e-8:1e-5]); 
rf=1000;                            %film density 
uf=1e5;                             %film stiffness 
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N=1;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1.*(uf+j*w*nf)).*tan(kf1.*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw.*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff.*rf).^.5.*tan(kf.*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw.*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
RZt=real(Zt); 
IZt=imag(Zt); 
MZt=(RZt.^2+IZt.^2).^.5; 
atte=20*log10(100./(100+MZt));   
mesh(hf,nf,-atte); 
xlabel('Thickness [m]') 
ylabel('Viscosity [kg/ms]') 
zlabel('Attenuation [dB]') 
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9.5.3 M-file of the simulations in Figure 16. 
Following M-file is to generate the effect of the changes in stiffness and thickness to 
the MTSM response (relative Δf and α) in harmonics.  Simulations of different 
harmonics can be done by giving a different harmonic value to the variable, n, in the M-
file. 
 
For the relative Δf simulation of MTSM in harmonics 
 
%----- Info. about TSM sensor ------- 
uq=2.947e10; 
rq=2651; 
vq=(uq/rq)^.5; 
L=1.67e-4; 
%--------- Info. about Film ------------------ 
nf=0.1;                 %thickness 
rf=1000;                %density 
[hf,uf]=meshgrid([1e-7:1e-8:1e-5],[1e6:1e5:1e8]); 
vf=(uf./rf).^.5; 
%------ Info. about 1st harmonic -------------- 
n=1;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf)^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf)^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf.*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
mesh(hf,uf,Rrdf); 
xlabel('Thickness [m]') 
 155
ylabel('Stiffness [N/m^2]') 
zlabel('Relative Changes in Res. Freq.') 
 
For the α simulation of MTSM in harmonics 
clear; 
uq=2.947e10;                        %TSM stiffness 
rq=2651;                            %TSM density 
nq=3.5e-4;                          %TSM viscosity 
vq=(uq/rq)^.5; 
e22=3.982e-11; 
r=2.5e-3;                           %radius of 10 MHz MAIB 
area=pi*r^2; 
K2=7.74e-3; 
[hf,uf]=meshgrid([1e-7:1e-8:1e-5],[1e6:1e5:1e8]); 
rf=1000;                            %film density 
nf=1e-1; 
% 1st Harmonic======================================================== 
N=7;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf)^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf)^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1.*(uf+j*w*nf)).*tan(kf1.*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
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Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi./(4*K2*w*C0); 
B=N*pi./(4*K2*w.^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw.*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
mesh(hf,uf,-atte); 
xlabel('Thickness [m]') 
ylabel('Stiffness [N/m^2]') 
zlabel('Attenuation [dB]') 
 
9.5.4 M-file of the simulations in Figure 18. 
Following M-file is to generate the effect of the changes in stiffness and viscosity to 
the MTSM response (relative Δf and α) in harmonics.  Simulations of different 
harmonics can be done by giving a different harmonic value to the variable, n, in the M-
file. 
For the relative Δf simulation of MTSM in harmonics 
 
%----- Info. about TSM sensor ------- 
uq=2.947e10; 
rq=2651; 
vq=(uq/rq)^.5; 
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L=1.67e-4; 
%--------- Info. about Film ------------------ 
hf=1e-5;                 %thickness 
rf=1000;                %density 
[nf,uf]=meshgrid([1e-3:1e-4:.1],[1e6:1e5:1e8]); 
vf=(uf./rf).^.5; 
n=1;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=(w*((rf^2)./(uf.^2+(w^2*nf.^2))).^.25).*cos(-.5*atan((w.*nf)./uf)); 
a=(w*((rf^2)./(uf.^2+(w^2*nf.^2))).^.25).*sin(-.5*atan((w.*nf)./uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf.*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
mesh(uf,nf,Rrdf); 
xlabel('Stiffness [m]') 
ylabel('Viscosity [kg/ms]') 
zlabel('Relative Changes in Res. Freq.') 
 
For the α simulation of MTSM in harmonics 
clear; 
uq=2.947e10;                        %TSM stiffness 
rq=2651;                            %TSM density 
nq=3.5e-4;                          %TSM viscosity 
vq=(uq/rq)^.5; 
e22=3.982e-11; 
r=2.5e-3;                           %radius of 10 MHz MAIB 
area=pi*r^2; 
K2=7.74e-3; 
[nf,uf]=meshgrid([1e-3:1e-4:.1],[1e6:1e5:1e8]); 
rf=1000;                            %film density 
hf=1e-5; 
N=1;        %harmonic 
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f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w.*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1.*(uf+j*w*nf)).*tan(kf1*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw.*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf*hf); 
A=N*pi./(4*K2*w*C0); 
B=N*pi./(4*K2*w.^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
mesh(uf,nf,-atte); 
xlabel('Stiffness [N/m^2]') 
ylabel('Viscosity [kg/ms]') 
zlabel('Attenuation [dB]') 
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9.5.5 M-file of the simulations in Figure 20. 
Following M-file is to generate the effect of the changes in density to the MTSM 
response (relative Δf and α) in harmonics.   
For the relative Δf simulation of MTSM in harmonics 
hold on 
%----- Info. about TSM sensor ------- 
uq=2.947e10; 
rq=2651; 
vq=(uq/rq)^.5; 
L=1.67e-4; 
%--------- Info. about Film ------------------ 
h=1e-6;             %thickness 
uf=1e8;             %stiffness 
rf=500:1:2000;      %density 
nf=0.1;            %viscosity 
vf=(uf./rf).^.5; 
%------ Info. about 1st harmonic -------------- 
n=1;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*h))/(uq*kq)); 
rdf=real(df);           %real part of df 
Rrdf=rdf/f0;            %relative changes 
plot(rf,Rrdf,'-') 
xlabel('Density [kg/m^3]') 
ylabel('Delta Freq. [Hz]') 
%------ Info. about 3rd harmonic -------------- 
n=3;        %harmonic 
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f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*h))/(uq*kq)); 
rdf=real(df);           %real part of df 
Rrdf=rdf/f0;            %relative changes 
plot(rf,Rrdf,'--') 
%------ Info. about 5th harmonic -------------- 
n=5;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*h))/(uq*kq)); 
rdf=real(df);           %real part of df 
Rrdf=rdf/f0;            %relative changes 
plot(rf,Rrdf,':') 
%------ Info. about 7th harmonic -------------- 
n=7;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*h))/(uq*kq)); 
rdf=real(df);           %real part of df 
Rrdf=rdf/f0;            %relative changes 
plot(rf,Rrdf,'-.') 
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For the α simulation of MTSM in harmonics 
clear; 
uq=2.947e10;                        %TSM stiffness 
rq=2651;                            %TSM density 
nq=3.5e-4;                          %TSM viscosity 
vq=(uq/rq)^.5; 
e22=3.982e-11; 
r=2.5e-3;                           %radius of 10 MHz MAIB 
area=pi*r^2; 
K2=7.74e-3; 
hf=1e-6; 
uf=1e8; 
rf=500:1:2000;                            %film density 
nf=.1; 
vf=(uf./rf).^.5; 
% 1 H ========================= 
N=1;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf)).*tan(kf1*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff.*rf).^.5.*tan(kf*hf); 
A=N*pi/(4*K2*w*C0); 
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B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(rf,-atte,'-'); hold on; 
xlabel('Density [kg/m^3]') 
ylabel('Attenuation [dB]') 
% 3 H =============== 
N=3;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf)).*tan(kf1*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff.*rf).^.5.*tan(kf*hf); 
A=N*pi/(4*K2*w*C0); 
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B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(rf,-atte,'--'); hold on; 
% 5 H =============== 
N=5;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf)).*tan(kf1*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff.*rf).^.5.*tan(kf*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
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L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(rf,-atte,':'); hold on; 
% 7 H =============== 
N=7;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf.^2/(uf^2+(w*nf)^2)).^.25*cos(-.5*atan(w*nf/uf)); 
a=-w*(rf.^2/(uf^2+(w*nf)^2)).^.25*sin(-.5*atan(w*nf/uf)); 
kf1=k-j*a; 
df=(f0/(N*pi))*atan(((-kf1*(uf+j*w*nf)).*tan(kf1*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff.*rf).^.5.*tan(kf*hf); 
A=N*pi/(4*K2*w*C0); 
B=N*pi/(4*K2*w^2*C0); 
R2=A*real(Zm)/(rq*uq)^.5; 
L2=B*imag(Zm)/(rq*uq)^.5; 
Zq=R1+(1./(j*Realw*C1))+(j*Realw*L1); 
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Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*Realw*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
MagZt=100./(100+Zt); 
RMagZt=real(MagZt); 
IMagZt=imag(MagZt); 
MZt=(RMagZt.^2+IMagZt.^2).^.5; 
atte=20*log10(MZt); 
plot(rf,-atte,'-.'); hold off; 
 
9.5.6 M-file of the simulations in Figure 23. 
Following M-file is to generate the Case A (θ ≈ 0°) in Figure 22: A signature of the 
viscosity (η) driven process. 
For the relative Δf simulation of MTSM in harmonics 
%----- Info. about TSM sensor ------- 
clear; 
uq=2.947e10; 
rq=2651; 
vq=(uq/rq)^.5; 
L=1.67e-4; 
%--------- Info. about Film ------------------ 
hf=1e-5;                 %thickness 
rf=1000;                %density 
uf=1e6; 
%uf=1e6:9090.9:1e7; 
nf=1e-3:1e-4:.1; 
vf=(uf/rf).^.5; 
x=1:.1:100; 
%------ Info. about 1st harmonic -------------- 
n=1;        %harmonic 
f0=1e7*n; 
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w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
plot(x,Rrdf,'-'); hold on; 
xlabel('Normalized Axis of Stiffness and viscosity') 
ylabel('Relative Changes in Res. Freq.') 
%------ Info. about 3rd harmonic -------------- 
n=3;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
plot(x,Rrdf,'--'); hold on; 
%----------Info. about 5th harmonic ------------- 
n=5;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
plot(x,Rrdf,':'); hold on; 
%------------Info. about 7th harmonic -------------------------- 
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n=7;        %harmonic 
f0=1e7*n; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(n*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
rdf=real(df);               %real part of df 
Rrdf=rdf/f0;                %relative changes 
plot(x,Rrdf,'-.'); hold on; 
 
For the α simulation of MTSM in harmonics 
clear; 
uq=2.947e10;                        %TSM stiffness 
rq=2651;                            %TSM density 
nq=3.5e-4;                          %TSM viscosity 
vq=(uq/rq)^.5; 
e22=3.982e-11; 
r=2.5e-3;                           %radius of 10 MHz MAIB 
area=pi*r^2; 
K2=7.74e-3; 
hf=1e-5; 
rf=1000;                            %film density 
uf=1e6; 
%uf=1e6:9090.9:1e7; 
vf=(uf./rf).^.5; 
nf=1e-3:1e-4:.1; 
x=1:.1:100; 
% 1st Harmonic======================================================== 
N=1;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
 168
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(N*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw.*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi./(4*K2*Realw*C0); 
B=N*pi./(4*K2*Realw.^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*w*C1))+(j*w*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*w*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
RZt=real(Zt); 
IZt=imag(Zt); 
MZt=(RZt.^2+IZt.^2).^.5; 
atte=20*log10(100./(100+MZt));   
plot(x,-atte,'-'); hold on; 
xlabel('Normalized Axis of Stiffness and viscosity') 
ylabel('Attenuation [dB]') 
%================================================================ 
N=3;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
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kf=k-j*a; 
df=(f0/(N*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw.*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi./(4*K2*Realw*C0); 
B=N*pi./(4*K2*Realw.^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*w*C1))+(j*w*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*w*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
RZt=real(Zt); 
IZt=imag(Zt); 
MZt=(RZt.^2+IZt.^2).^.5; 
atte=20*log10(100./(100+MZt));    
plot(x,-atte,'--'); hold on; 
%================================================================ 
N=5;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(N*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
ResF=f0+real(df); 
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Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw.*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi./(4*K2*Realw*C0); 
B=N*pi./(4*K2*Realw.^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*w*C1))+(j*w*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*w*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
RZt=real(Zt); 
IZt=imag(Zt); 
MZt=(RZt.^2+IZt.^2).^.5; 
atte=20*log10(100./(100+MZt));    
plot(x,-atte,':'); 
%================================================================ 
N=7;        %harmonic 
f0=1e7*N; 
w=2*pi*f0;    
kq=w/vq; 
k=w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*cos(-.5*atan(w*nf./uf)); 
a=-w*(rf^2./(uf.^2+(w*nf).^2)).^.25.*sin(-.5*atan(w*nf./uf)); 
kf=k-j*a; 
df=(f0/(N*pi))*atan(((-kf.*(uf+j*w*nf)).*tan(kf*hf))/(uq*kq)); 
ResF=f0+real(df); 
Realw=2*pi*ResF; 
L=1.67e-4;                 
C0=e22*area/L;    
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C1=8*K2*C0/(N*pi)^2; 
L1=1/(w^2*C1); 
R1=nq/(uq*C1); 
ueff=uf+(j*Realw.*nf); 
kf=Realw.*(rf./ueff).^.5; 
Zm=j*(ueff*rf).^.5.*tan(kf.*hf); 
A=N*pi./(4*K2*Realw*C0); 
B=N*pi./(4*K2*Realw.^2*C0); 
R2=A.*real(Zm)./(rq*uq)^.5; 
L2=B.*imag(Zm)./(rq*uq)^.5; 
Zq=R1+(1./(j*w*C1))+(j*w*L1); 
Ze=R2+(j*Realw.*L2); 
Zs=Zq+Ze; 
Z0=1./(j*w*C0); 
Zt=(Zs.*Z0)./(Zs+Z0); 
RZt=real(Zt); 
IZt=imag(Zt); 
MZt=(RZt.^2+IZt.^2).^.5; 
atte=20*log10(100./(100+MZt));  
plot(x,-atte,'-.'); hold off; 
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